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ABSTRACT
O bservations o f lum inosity and io n iza tio n  fa r  in advance o f 
the p lasm a-acoustic  expansion in  e le c t r ic a l ly  driven shock tubes have 
been made by many in v e s tig a to rs  and the c o n flic tin g  re s u l ts  and ex­
p lan a tio n s  o f  these s tu d ie s  have led to much confusion. The re s u l ts  
described in  th is  d is s e r ta t io n  c la r i fy  th e  s i tu a t io n . Precursor 
waves were c rea ted  and s tud ied  in  helium by means o f an e le c t r i c a l ly  
driven shock tube employing two d if fe re n t discharge c i r c u i t  con figu ra­
tio n s . The component causes o f p recursive  e f fe c ts  have been sep ar­
ated and id e n tif ie d  and in d iv id u a lly  stud ied  in  d e ta i l .  Param eters 
o f b as ic  in te r e s t  such as wave speed and e lec tro n  tem peratures and 
d e n s itie s  have been m onitored using nuclear data  handling techniques 
and p h o to m u ltip lie rs  fo r  the wave speeds and a rev ised  sp e c tra l l in e  
r a t io  technique fo r  th e  tem peratures and d e n s it ie s .  V e lo c itie s  o f  
the o rder o f  10® to  10® cm/sec have been recorded. E lectron  temper­
a tu res  o f 10 eV and e le c tro n  d e n s itie s  ranging from 10® to  10^® 
electrons/cm® have been observed. Extensive s tu d ie s  employing th e  
use o f a magnetic f ie ld  have been conducted in  o rder to  gain  in s ig h t 
in to  the therm al conduction processes ac ting  to  t ra n s fe r  energy to  
the wave f ro n t.  Many in v e s tig a tio n s  o f the e le c t r ic a l  p ro p e rtie s  o f 
the  wave includ ing  th e  use o f ex ternal c a lib ra te d  probes to  measure 
the e l e c t r i c  f ie ld  s tre n g th s  associated  w ith the f ro n t have been 
undertaken.
A d iscu ss io n  o f the bearing  th is  new knowledge has on ex­
p la in in g  p a s t  s tu d ie s  as w ell as planning fu tu re  s tu d ie s  with the 
e le c t r ic a l  shock tube i s  included .
X I
THE ELECTRICAL SHOCK TUBE PRECURSOR
CHAPTER I
INTRODUCTION
In te re s t  in  fa s t  moving luminous pu lses began when the f i r s t  
eyes looked upward and beheld a lig h tn in g  s tro k e  crashing through th e  
heavens. This in te r e s t  became a s c ie n t i f i c  to p ic ,  ra th e r  than a m ysti­
cal one, in  1705 when F rancis Hauksbee [1] noted l ig h t  fla sh es  o r ig i ­
n a tin g  from an evacuated tube over a d is tu rb ed  mercury column. Any 
sp ecu la tio n  in to  th e  n a tu re  o f such lab o ra to ry  created  phenomena was 
absent u n t i l  Wheatstone [2] , in  1837, p o s tu la ted  th a t these luminous 
p u lses  were a c tu a lly  propagating , w ith f i n i t e  speed, from one p o in t 
to  ano ther.
The years from 1837 to  the beginning o f  the tw entie th  century  
saw the  r e s u l ts  o f  two more im portant in v e s tig a tio n s  in to  the phenom­
enon. W. Von Zahn [3], in  1874, looked fo r  a Doppler s h if t  in  the 
r a d ia tio n  from the luminous fro n t. His f a i lu r e  to  see such a s h i f t  
o ffe red  the  f i r s t  proof th a t  there e x is ts  no motion of the excited  
atoms. This lack o f mass motion has led  most in v e s tig a to rs  to  argue 
th a t  th e  waves are not b a s ic a lly  f lu id  dynamical in  na tu re . In 1893 
J .  J .  Thomson [4] reported  a fron t of lum inosity  propagating with a 
speed o f  the o rder of o n e -h a lf  l ig h t speed in  a f if teen -m e te r long 
d ischarge tube.
1
2L i t t l e  work was done again on these waves, now re fe rre d  to  as 
ion iz ing  p o te n t ia l  waves or breakdown waves, u n t i l  1930, when Beams 
[5] confirmed Thomson's observations and o ffered  a q u a li ta t iv e  theory  
o f these  f ro n ts .  Beams proposed th a t e le c tro n s , due to  t h e i r  large 
m o b ili t ie s ,  are p rim arily  responsib le  fo r the propagation of these 
luminous f ro n ts .  The high f ie ld  in  the neighborhood o f th e  pulsed 
e lec tro d e  make p o ss ib le  the  e le c t r ic a l  breakdown and in ten se  io n iza ­
tio n  o f  th e  gas in  th is  reg ion . Due to  the la rg e  d iffe ren ce  in  the 
m o b ilitie s  o f  th e  ions and the e le c tro n s , a space charge w ill  be 
e s ta b lish e d . This space charge w ill r e s u l t  in  a d is to r t io n  o f the po­
te n t ia l  d is t r ib u t io n  of the conducting gas in  such a way as to  d is ­
place the wave f ro n t  away from the high vo ltage e le c tro d e . This p ro ­
cess continues r e s u l t in g  in  the continuous propagation of the luminous 
f ro n t. This theory  has remained b a s ic a lly  c o rre c t and serves us s t i l l .  
In the y ears  fo llow ing . Beams and h is  asso c ia tes  continued th e i r  in ­
v e s tig a tio n s  o f  the  phenomenon. These in v e s tig a tio n s  re su lte d  in  the 
gathering  o f  a la rg e  q u an tity  o f inform ation about the propagation 
speed o f th e  event under various operations conditions [6 ,7 ,8 ,9 ] .  A ll 
in  a l l ,  however, l i t t l e  p rogress was made during these years in  under­
standing th e  wave. The major in te r e s t  appeared to  be only  in  the 
in i t i a t io n  o f f a s t  luminous fro n ts  from regions o f high p o te n tia l  and 
th e i r  subsequent o b servation . S tudies o f the importance o f the d is ­
charge tube geom etries involved were never conducted. Also, th ere  were 
no attem pts to  d escrib e  or c la s s ify  the waves according to  standard ized  
tube geom etries o r any o th e r  s e t  o f  s tandard ized  param eters.
3The discovery o f o p tic a lly  narrow luminous frontsmmoving 
ahead o f  and much f a s te r  than the plasma aco u stica l shock in  shock 
tubes revived  in te r e s t  in  the o r ig in  and nature o f  f a s t  moving lumi­
nous f r o n ts .
H ollyer [10] d id the  f i r s t  system atic study of waves having 
much h igher Mach numbers than p red ic ted  by theory as observed in  con­
ven tional shock tubes.
In e le c t r ic a l  shock tubes, ion iz ing  fro n ts  were found to  move 
with v e lo c i t ie s  much la rg e r  than ca lcu la te d  fo r an ion acoustic  shock 
wave mode. Perhaps more im portan tly , i t  was found th a t the Rankine- 
Hugoniot r e la t io n s  could not be applied  to  the shock fro n t w ithout a s ­
suming p re io n iz a tio n  o f  some s o r t .
Hales and Josephson [11] were the  f i r s t  to  publish  s tu d ie s  o f 
these  p recu rso r waves in  e le c t r ic a l ly  driven shock tubes. T heir wave 
propagated with a v e lo c ity  on the  o rder o f 10® cm/sec, exh ib ited  a 
negative charge, and began to propagate sh o rtly  a f te r  d r iv e r  conduction 
was e s ta b lish e d .
The phenomenon was becoming evident to  many in v e s tig a to rs  and 
severa l in te re s tin g  proposals to  exp lain  the o r ig in  and n a tu re  o f the 
p recu rso r were form ulated. IVeymann [12] made de ta iled , in v es tig a tio n s  
of a luminous negative region which he detected  well in  f ro n t o f h is  
shock f ro n t.  IVeymann proposed th a t  he was observing the d iffu s io n  of 
h ighly mobile e le c tro n s . I t  was never c le a r  whether Weymann's fro n t 
had a s u f f ic ie n t ly  rap id  r is e  in  e le c tro n  density  to  warrant the lab e l 
wave o r .f r o n t .
4McLean, Kolb and Griem [13] were d is tu rb ed  by the d iscrepancies 
between observa tion  and Rankine-Hugoniot p red ic tio n s  in  th e i r  e le c tro ­
magnetic T-tube. They did indeed observe some p recu rs iv e  lum inosity. 
They showed th a t the  ra d ia tio n  was not R ay le ig h -sca tte red  d r iv e r  plasma 
l ig h t ,  as had been p o s tu la ted , and suggested th a t  they were observing, 
in s te a d , pho ton -p reion ization  due to  a stream  of u l t r a  v io le t  ra d ia tio n  
o rig in a tin g  in  th e  d r iv e r . The d i f f i c u l t i e s  with th is  suggestion were 
immediately obvious however. Propagation in  an atomic gas cannot be 
explained by th i s  theory . In a d d itio n , th e  r e la t iv e ly  constant time 
h is to ry  d isp layed  by the wave could not be explained in  terms o f simple 
pho to io n iza tio n  by u-v photons o r ig in a tin g  in  the d r iv e r . One would 
expect such a phenomenon to e x h ib it  an in v erse  square dependence.
Fowler and Hood [14] repo rted  th e se  waves in  1962 and in  con­
ju n c tio n  with th i s  in v e s tig a tio n  Paxton [15] applied  f lu id  dynamical 
methods to  th e  p recu rso r. Paxton tre a te d  the  phenomenon as an e lec tro n  
shock wave which explained the high v e lo c i t ie s  as w ell as some o ther 
c h a ra c te r is t ic s  o f  the wave. More r e c e n tly , Shelton [16] has c a rried  
out a d e ta ile d  one-dimensional an a ly s is  o f  breakdown waves in  general 
w ith the  idea th a t  precursors a re  one member of a fam ily o f such f lu id -  
dynamical even ts.
Lubin and R esler [17] observed and s tu d ied  in  d e ta i l  the  p re­
curso r in  an electrom agnetic shock tube. They observed th a t the  p re ­
curso r v e lo c ity  was lin e a r ly  p ro p o rtio n a l to  E/P in  th e  d r iv e r . They 
observed th e i r  p recu rso r in both hydrogen and argon. In a re la te d  
study, Lubin [18] proposed the  idea  th a t  p recu rso rs  are  the r e s u l t  o f  
an electrom agnetic  wave propagating down a transm ission  lin e  formed
5by th e  shock tu b e . The a u th o r ity  o f  Lubin's th e s is  was lessened some­
w hat, however, by an ad-hoc equation  fo r the io n iza tio n  p ro cess . This 
equation appears to  have no physica l ju s t i f ic a t io n .  I t  should be 
noted th a t Snoddy, Beams and D ie tr ic h  [19] suggested in  1936 th a t  the 
behavior o f  a long d ischarge tube was rem iniscent in  many ways o f a 
transm ission  l in e .
In 1964 H ab erstitch  [20] p o s tu la ted , w ithout p roof, th a t  
io n iz in g  p o te n tia l  waves, o r  breakdown waves, s im ila r  to  th e  kind o f 
phenomenon observed and explained  by Beams were so le ly  re sp o n sib le  fo r  
the  p recu rs iv e  e f fe c t  observed in  the  e le c t r ic a l  shock tu b e . He con­
s tru c te d  a very f in e  apparatus to  study these waves and produced a 
g re a t deal o f in form ation  about t h e i r  natu re . His work is  r e a l ly  not 
ap p licab le  to th e  e l e c t r i c a l  shock tu b e , however, since he had no 
d r iv e r  as such in  h is  ap p ara tu s. He th e re fo re  lacked the reg io n  of 
in ten se  thermal p ro p e rtie s  th a t  i s  found in the  e le c t r ic a l  shock tube.
The f in a l  h i s to r ic a l  considera tion  w ill  be the work o f  R ussell 
[21]. R ussell was su c c e ss fu l, in  1968, in  sep a ra tin g , v ia  a  s id e  arm, 
what he considered to  be a fluid-dynam ical e lec tro n  wave from the 
b r ig h t main tube lum inosity  which he concluded to  be predom inately 
photon produced. His s tu d ie s  showed the importance o f the  use o f  s id e  
arms in  the study o f one component o f p recursive  e f f e c t s .
I t  is  now f e l t  th a t  the excessive l ig h t  s c a tte r in g  R ussell 
noted in  the main tube was due to  h is  high im purity  concen tra tions.
This b r i e f  h i s to r ic a l  synopsis w ill probably serve to  impress 
upon the reader th a t  p a s t p recu rso r research  has been ch arac te rized  by 
some confusion. Most re se a rc h e rs , upon observing and studying p recu r­
sive e f f e c ts ,  have rep o rted  data  agreeing as f a r  as the more fundamental
6param eters are concerned. There have been, however, a w ealth o f  d i f ­
fe re n t models proposed, a l l  o f  which have had only lim ited  success in  
exp la in ing  a l l  p ro p e rtie s  o f these  waves.
The purpose of the work here in  repo rted  to  reso lv e  a l l  com­
ponents o f p recu rsive  e f fe c ts  as observed in  a p a r t ic u la r  e le c t r ic a l  
shock tube and to  study in  d e ta i l  the p ro p e rtie s  o f these  components.
CHAPTER II  
APPARATUS 
The Shock Tube
The complete understanding o f th e  component causes o f the p re ­
cursive e f fe c ts  observed during th is  in v e s tig a tio n  req u ired  several 
minor m od ifica tions o f the  shock tube. F o rtunate ly , the b as ic  appara­
tu s  i s  q u ite  v e r s a t i le  and m odifications on e i th e r  th e  d riv ing  compo­
nents o r th e  expansion chamber could be done qu ickly  and e a s ily . The 
d e sc rip tio n  given below w ill be of the b as ic  device concentrating  on 
constant param eters. Any changes made on the apparatus w il l  be d i s ­
cussed in  th e  chap ter p e rta in in g  to  experim ental procedures and r e ­
s u l ts .
The shock tube can be broken down in to  th ree  main systems and 
i t  i s  convenient to  do so fo r purposes o f  d e sc r ip tio n . The th ree  sy s ­
tems considered a re  the d riv in g  system, the expansion system, and the  
vacuum system . The d riv ing  system was composed o f  a power supply, 
energy s to rag e  ca p a c ito r , ig n itro n  sw itch , d r iv e r  segment, and a 
sh ie ld in g  chamber surrounding the  e n t ire  a f f a i r .  The expansion system 
consis ted  o f  one m eter sec tio n s  o f Pyrex tube coupled to g e th e r to  th e  
desired  co n fig u ra tio n , an e le c t r o s ta t ic  cage to  provide a known ground 
a rray , a wooden support form, and a r a i l  and c a r t  system to  supply mo­
b i l i t y  and support to the d iag n o stic s . F in a lly , the vacuum system
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8consis ted  o f a mechanical forepump and an e le c t r ic  o i l  d iffu sio n  
pump, cold tra p  fo r  p u r ity , a leak system fo r  allowing the  gas to  
en te r  the  tu b e , and a McLeod gauge fo r m onitoring the p ressu re .
Figure 1 p resen ts  a block diagram of the shock tube.
These systems w ill now be considered one a t a time and d e a lt 
with in  d e t a i l .
The Driving System 
The power supply used to  charge the  d riv in g  cap ac ito r was a 
P la s t ic  C apacitor 20KV, 5 ma. Power Pal. This u n it was small enough 
to  allow the m ob ility  necessary during p o la r i ty  changes and was also 
q u ite  fre e  o f corona. This power supply u n it  contains a s tep  up 
transfo rm er, two s i l ic o n  r e c t i f i e r s ,  and two high voltage capacitors 
forming a vo ltage  doubler c i r c u i t .  The r ip p le  fa c to r  on the output 
voltage i s  1% rras or 2.7% peak to  peak. The dimensions o f the u n it 
are 8"x3.75"x4.5" and the weight is  12.5 lb s . The 60 cycle AC lin e  
voltage en te red  the power supply through a Sola is o la tio n  transform er 
and an A just-A -V olt v ariab le  auto transform er. The output of the 
power supply was ad justab le  from 0-20KV D.C.
The output voltage o f the power supply was applied  through a 
charging r e s i s to r  to the driv ing  capacito r where the s to red  energy 
could be coupled in to  the gas o f the discharge tube. The capacito r 
used was a s in g le  Sangamo 74C503 capacito r with a measured capacitance 
o f 14.1 yF and a 0.040 yH equivalent s e r ie s  inductance. The capacito r 
could be operated a t voltages up to  20KV. The cap ac ito r is  capable of 
supplying 40x10^ jo u le s /sec  during d ischarge. Switching was accom­
p lish ed  by using a low inductance, low re s is ta n c e  G.E. 7703 ig n itro n .
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Figure 1. The e l e c t r i c a l  shock tu b e .
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The device i s  sm all, has adequate voltage s tan d o ff c h a r a c te r is t ic s ,  
and o f fe rs  low inductance (0.03 ph) and low re s is ta n c e  (pO.Ol ohms) 
thereby producing an adequate cu rren t maximum. The breakdown delay  
i s  small enough not to p re sen t a problem.
The ig n itro n  was f ir e d  by a separate  con tro l u n i t  which sup­
p lie d  a 600V pulse v ia  a 0.1 p f cap ac ito r.
The energy o f  th e  cap ac ito r was coupled to  th e  gas v ia  two 
molybdenum e lec tro d es  separa ted  by an alumina ceramic spacer. The 
spacer was constructed  with f la re d  ends allowing the e lec tro d es  and 
the spacer to  b o lt to g e th e r using Corning p ipe  flange f i t t i n g s .  The 
e n tire  len g th  o f th is  d r iv e r  was 10 cm. Figure 2 shows the  d riv e r  
co n stru c tio n  in d e ta i l .
The two d riv e r e lec tro d es  were coupled d ir e c t ly  to  the term ­
in a ls  of th e  discharge c ap a c ito r  and one term inal was then connected 
to  ground.
The e n tire  system o f  d r iv e r , power supply components, cap ac i­
to r  and sw itch ing  devices was confined w ith in  a m etal sh ie ld in g  chamber 
which p ro te c ted  the d iag n o stic  equipment from electrom agnetic r a d ia ­
tio n  em itted  by the d ischarge and a lso  reduced ex te rn a l in te rfe re n c e  
which might a f fe c t  the d ischarge . A sh ie ld in g  fa c to r  o f  10^ was 
measured. The d r iv e r  c i r c u i t  is  shown in  d e ta i l  in  F ig . 3.
The Expansion System
The expansion tube proper was constructed  of Pyrex "Double 
Tough" p ip e . Each sec tio n  o f  the p ipe was one meter long and flanged 
a t  the ends so th a t sec tio n s  could be clamped to g e th e r w ith aluminum
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Figure 2. D e ta il o f  d r iv e r  c o n s tru c tio n .
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clamps. The ends of th e  pipes were construc ted  with o -rin g  grooves 
and Teflon o -rin g s  were used fo r the  vacuum s e a l .  The pipe could also  
be mated to  th e  d r iv e r  segment v ia  o -rings and flange clamps.
The f in a l  configuration  o f the  expansion tube consisted  o f a 
ra th e r  sh o rt main tube with a long perpend icu lar s ide  arm. The work 
o f R ussell [21] was successfu l in showing th a t  the major component o f 
the shock tube p recurso r could b est be s tu d ied  in such a side  arm.
The main expansion tube, which was c o ll in e a r  to  the d r iv e r  segment, 
was 220 cm in  length  and had a 5 cm I.D . The s ide  arm was th ree meters 
in  leng th  and jo ined  the  main expansion tube 110 cm from the d riv e r.
Surrounding th e  expansion tube--bo th  main tube and side arm-- 
was an a rra y  o f  1;^" aluminum p ipes. These fo u r p ipes were symmetrically 
spaced around the  main tube and th e  side arm and connected to  the  sys­
tem ground. The a rray  co n stitu ted  an e le c t r o s ta t ic  ground which p ro ­
vided f ie ld  symmetry. The presence or absence of th is  a rray  proved 
to  have no observable e f fe c t  on the  experim ental r e s u l t s ,  however.
The e n tire  system of expansion tube and ground array  was sup­
ported by a wooden frame. In add ition  to  function ing  as support, the 
wooden frame insured  th a t  there  was no e le c t r ic a l  connection to  ground 
in  con tac t w ith the  shock tube.
The Vacuum System 
The pumping s ta t io n  proper consis ted  o f  a mechanical forepump 
and an o i l  d iffu s io n  pump. The mechanical forepump was a Cenco- 
Megavac pump which was capable of producing a vacuum of .001 to r r .  The 
pump and motor were removed from th e i r  base and remounted on a wooden
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board. The purpose here was to  insure th a t  no d i r e c t  e le c t r i c a l  con­
nections to  ground were made. A ntic ipating  the  p o s s ib i l i t y  o f  t h i s  
system behaving as a Van de Graaff machine, a large re s is tan ce  was 
placed between pump and motor. The d if fu s io n  pump was a Consolidated 
Vacuum two-inch water cooled o i l  d i f fu s io n  pump. The water connections 
to  the d if fu s io n  pump were made through four meter long sections o f  i "  
rubber tubing. A four-meter long rubber tube f u l l  o f  water provides a 
high re s is ta n c e  and once again insures th a t  no e l e c t r i c a l  connection 
i s  made to  ground;
A double range McLeod gauge was c a l ib ra te d  and in s ta l le d  so 
th a t  abso lu te  p ressure  readings could be made. A l iqu id  n itrogen  cold 
trap  was in s t a l l e d  between the McLeod gauge and the r e s t  of the vacuum 
system. The two pumps, cold traps  and the  c a re fu l  maintenance of two 
o-ring s e a ls  allowed a base pressure o f  10"^ t o r r  to  be achieved w ith ­
out d i f f i c u l ty .
The leak system, which allowed the  gas to  be s tudied to  e n te r  
the tube, consis ted  of an ad justab le  screw valve and a gas b o t t l e  
equipped with a Matheson gas pressure re g u la to r .
The gas b o t t l e  was supported s ix  inches above the f lo o r  by a 
wooden stand , again to insure th a t  the shock tube was iso la te d  from 
ground. The gas used was Matheson u l t r a  high p u r i ty  helium. The gas 
contained le ss  than 7.6 p.p.m.
This ca re fu l  d e ta i l  to  gas p u r i ty  was taken only a f t e r  em­
p i r i c a l  evidence pointed out how g re a t ly  im purit ies  a ffec ted  the 
s tru c tu re  o f  the  wave. No d e ta i led  s tu d ie s  have been done concerning 
these e f fe c t s  but i t  appears l ik e ly  th a t  while the bas ic  propagation
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mechanism i s  l i t t l e  a f fec ted  by im purit ies ,  r a d ia t iv e  processes such 
as ph o to -io n iza tio n  o f  im purities  can be involved.
The Penning e f f e c t ,  where im purities  a re  ionized by metastable 
helium atoms, i s  no doubt a most important cons ide ra tion  when dealing 
with im p u r i t ie s .
Diagnostics 
Photom ultip lier  Units
P ho tom ultip lie r  u n i ts  were used to observe the luminosity as­
soc ia ted  with the  p recu rso r .  These observations were needed for ve­
lo c i ty  measurements, temperature and density  s tu d ie s ,  and many quanti­
t a t iv e  observations .
Three d i f f e r e n t  kinds of pho tom ultip lie r  (h e re a f te r  re fe rred  
to  as PM's) were used. The th re e  PM's were used in  various modes and 
according to  t h e i r  p a r t i c u la r  parameters o f r i s e  tim e, m u lt ip l ica tio n  
f a c to r ,  e tc .
RCA 931-A p h o to m u lt ip lie r  tubes were found to  perform quite 
s a t i s f a c t o r i l y  fo r  l im ited  ap p lica tio n s .  Their  small s ize  and fa s t  
r i s e  t im e, as well as r e l a t iv e ly  inexpensive c o s t ,  make them indispen­
sable when l ig h t  i n t e n s i t i e s  are f a i r ly  b r ig h t .
The g lass  envelope of these tubes, with the  exception of the 
photo-cathode window, was enveloped in  aluminum f o i l  which was shorted 
to  the anode v ia  th e  base p in .  The r e su l t in g  decrease of anode-last 
s tage capacitance r e s u l t s  in  a reduction of th e  tu b e s '  r i s e  time. This 
method i s  d iscussed by Liou [22]. The tubes have a r i s e  time of 1 nsec.
Although f a s t  responses are d es irab le  and indeed necessary, 
they do one l i t t l e  good i f  the  tubes are behaving in  a non-linea r  fashion.
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P ho tom ultip lie r  s a tu ra t io n  fo r  the  931-A and i t s  associated  c i r c u i t r y  
became a problem fo r  output s ig n a ls  g re a te r  than 0.5V. Care was taken 
so t h a t  t h i s  condition would never be p resen t .  The c i r c u i t  o f  the  
931-A tubes i s  shown in  Fig. 4.
For more so p h is t ica ted  ap p lica tio n s  requ iring  b e t te r  s e n s i t iv ­
i t y  without appreciably  s a c r i f i c in g  response time two other u n i ts  were 
used. One o f  these  u n its  was an RCA 7746 pho tom ultip lie r  whose c i r ­
c u i t  i s  shown in  Fig. 5. The 7746 is  a te n -s ta g e ,  head on, spherica l 
fa c e p la te  tube with S-11 response. The wavelengths o f  maximum r e ­
sponse. The wavelengths o f  maximum response fo r  S-11 i s  4400 ±500 
angstroms. This range is  p a r t i c u la r ly  favorable fo r  temperature s tu d ie s .  
The tube fea tu re s  an enclosed in l in e  dynode s t ru c tu re .  The cu rren t 
am p lif ica t io n  a t  lOOOV is  1.7 10 while the maximum cathode to  anode 
voltage i s  2500 V. The tube was normally operated a t  le ss  than 2000 V. 
The anode-pulse r i s e  time fo r  the 7746 i s  two nanoseconds which i s ,  a l ­
though slower than the 931-A, very fa s t  when one considers th a t  the tube 
possesses ten  s tages and th a t  i t s  s e n s i t i v i t y  i s  two orders o f  magnitude 
g re a te r  than th a t  o f  the 931-A.
The t h i r d  PM tube used was an EMI type 9558. This tube is  a 
two-inch diameter f la t - f a c e d ,  end window tube with a 44 mm cathode and 
eleven v en e tian -b lin d  dynodes o f th e  CsSb type. The cathode i s  o f  the 
S-20 type which provides maximum e f f ic ie n c y  between 3500 and 5000 R.
The ga in  o f t h i s  tube i s  comparable to the RCA 7746 but the  9558 has a 
slower response time. For t h i s  reason the tube was used in s i tu a t io n s  
req u ir in g  high gain  but where a very f a s t  r i s e  time was not a c r i t i c a l  
f a c to r .
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The housing fo r  the 931-A tube was supported by ring s tands.
The 7746 and 9558 PM's were placed in  cases which were mounted on a 
ca rt  and r a i l  assembly running p a r a l l e l  to  the  expansion chamber. The 
c a r ts  could e a s i ly  be moved from p o s it io n  to  p o s i t io n  and locking 
screws enabled them to  be secured a t any desired  p o s i t io n .  A 2 mm 
v e r t ic a l  s l i t  was in s t a l l e d  a t  the end of each can.
All PM's were operated by one of the two Fluke low -ripple  power 
supp lies . A Fluke model 405 power supply with a range of - .6  to  -3 KV 
D.C. and a Fluke model 408B with a range of 0 to  -6 KV D.C. were used.
The PM signals  were fed through term inated 50 ohm cables to  
one o f  th re e  d i f f e r e n t  osc illoscopes.
A Tektronix type 555 dual-beam osc illoscope  was used when an 
oscilloscope o f  slow response could be to le ra te d .  The type 555, with 
i t s  dual beam c a p a b i l i ty ,  was p a r t ic u la r ly  u sefu l fo r  v e lo c i ty  measure­
ments. The type-L p ream p lif ie r  p lug-in  u n i t  used has a measured r i s e  
time of s ix  nanoseconds. Therefore the  r i s e  time of th e  e n t i r e  PM tube 
osc illoscope  system was dominated by the osc illoscope  rega rd less  o f  the 
pho tom ultip lie r  type used.
For measurements such as temperature and d e n s ity ,  where one 
must have a very accurate  record o f the o p t ic a l  h i s to r y  of the  f ro n t 
a t  a l l  tim es, f a s t e r  osc illoscopes  were found necessary . A Tektronix 
type 519 osc illoscope  was used to  crea te  a s tandard . This instrument 
has a measured r i s e  time o f  0.28 nanoseconds th e re fo re  l im itin g  the 
response time o f  th e  system only to  PM tubes employed. The d i f f i c u l ­
t i e s  encountered when using the 519 a r i s e  due to  the low v e r t ic a l  
s e n s i t iv i ty  of 9.4 volts/cm . This makes low in te n s i ty  measurements
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d i f f i c u l t  without re so r t in g  to  a m p lif ie r  u n its  which themselves con­
t r i b u t e  an a d d it io n a l  response time conside ra tion .
The th i r d  type o f  o sc illoscope  used was the very convenient 
Tektronix type 545 osc illoscope . The r i s e  time of th is  oscilloscope 
a t  2.3 nanoseconds i s  slower than the  519 but considerably  f a s t e r  
than the  555. The mechanical s ize  o f  the instrum ent, allowing great 
m ob ili ty ,  and i t s  s e n s i t i v i t y  made i t  very u sefu l  fo r  most a p p l ica t io n s .  
Traces taken with the  454 were compared to those  taken on the 519 to  
insure  th a t  the 454 was giving an accu ra te  time h is to ry  o f the  event.
In every s i tu a t io n  i t  was found th a t  th e  response of the 454 was su f­
f i c i e n t  to  s a t i s f y  even the most demanding experimental considera tions .
Temperature and Density Diagnostics 
The method used to  obtain the  e lec tro n  temperatures and dens i­
t i e s  assoc ia ted  with the precursor req u ired  the observation o f  the time 
h is to ry  o f  ind iv idua l sp ec tra l  l in e s  in  the luminous f r o n t . To obtain  
th i s  inform ation , two d iagnostic  systems were constructed  and used.
I n i t i a l  s tu d ie s  were made using a H ilg e r  E612 spectrograph in 
conjunction with 931-A p h o to m u lt ip lie rs .  The photographic p la te  ho lder 
was modified so th a t  two pho tom ultip lie rs  could be se t  to  observe two 
d i f f e r e n t  helium sp e c t ra l  l ines  sim ultaneously. The alignment o f the 
PM's was achieved using a helium G e is le r  tube. The ind iv idual l in e s  o f  
i n t e r e s t  were brought through a system o f  s l i t s  and lenses to focus on 
the photo-cathode of the PM tube. The disadvantages of t h i s  system 
were two-fold. There i s  the obvious d i f f i c u l t y  in alignment and then, 
too, th e  mechanical s ize  o f the  H ilger  makes measurements a t d i f f e re n t  
tube lo ca tio n s  a most impressive ta sk .
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A fte r  em pirical data  ind ica ted  th a t  simultaneous records o f  
the  two s p e c t ra l  l in e s  re su l te d  in  the same conclusions obtained by 
separa te  o b se rv a tio n s ,  a sim pler more v e r s a t i l e  device was u t i l i z e d  
fo r  these measurements. A Ja r re l l -A sh  q u a r te r  meter monochromator 
with a d ju s tab le  en trance and e x it  s l i t s  was used. Typical app lica tions  
required  th e  use o f  0.20 mm entrance s l i t  and a 0.28 mm e x i t  s l i t .  
Mounted c o a x ia l ly  with the e x i t  s l i t  was the RCA 7746 PM tube previously 
described.
The advantages o f  t h i s  system were many. The monochromator was 
c a l ib ra te d  using a He-Ne la s e r  and a helium G eis le r  tube. Very accur­
a te  s p e c tra l  l i n e  alignments are p o ss ib le .  In add ition  to  th i s  advant­
age, the  monochromator a lso  allowed in v e s t ig a t io n s  a t lower i n t e n s i t i e s  
due to  the use o f  the  more s e n s i t iv e  PM. The monochromator-PM system 
was mounted on the  c a r t - r a i l  apparatus thus allowing quick and easy 
alignment a t  vary ing  d is tances  along the  expansion tube.
All ta n p e ra tu re  and density  measurements reported  in  th i s  work 
were made us ing  th e  monochromator-PM system. I n i t i a l  s tu d ies  o f wave 
temperatures and d e n s i t i e s  re ly ing  on the H ilg e r  spectrograph and 931-A 
PM tubes have been reported  in  an e a r l i e r  work. [23]
Magnetic F ield  Experiments
Magnetic f i e l d  experiments were made using a General E le c tr ic  
water cooled electrom agnet with nine centim eter diameter c y l in d r ic a l  
pole p ieces .  A maximum tran sv erse  magnetic f i e ld  of 2000 Gauss was pos­
s ib le  for continuous duty. For sho rt  in t e r v a l s ,  however, the  f i e ld  
could be in c reased  to  2600 Gauss. The gap between pole p ieces was ad­
ju s ted  to  10 cm in  order to  provide s u f f i c i e n t  room fo r  the s ide arm
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o f  th e  shock tube. Fringing e f fe c ts  were measured and found to  be very 
small.
A separa te  electromagnet in  the  form o f  a so lenoid  was used for 
s tu d ie s  o f  the e f fe c ts  o f an ax ia l magnetic f ie ld  upon the  wave.
F ie lds  up to  1000 Gauss with continuous operation were av a ilab le .  The 
in s id e  diameter of the solenoid was 10 cm more than requ ired  in  order 
fo r  the side arm to  be positioned in s id e  the magnet.
Both magnets were energized by a low r ipp le  D.C. generator.
The cu rren t through the magnet was e i th e r  con tro lled  a t  th e  generator 
o r  by means o f a s e r ie s  rh e o s ta t .  A p rec is io n  D.C. ammeter was used 
to  measure the  c i r c u i t  curren t.
For measurements r e la t iv e  to  the  magnetic induction  experiments, 
two pieces o f No. 14 copper wire were in se r ted  a d istance of one m i l l i ­
m eter in to  a meter sec tion  o f Pyrex "Double Tough" p ipe . This sec tion  
could be f i t t e d  in to  the expansion chamber o f the shock tube a t  any 
tim e. A bridge c i r c u i t  was used to  d e te c t  any voltage across the 
e le c tro d e s .  At times a nine v o l t  D.C. b a t te ry  was used to  b ias  the 
e le c t ro d e s .
Axial E le c tr ic  F ie ld  Probes
For measurement o f the ax ia l e l e c t r i c  f ie ld s  a sso c ia ted  with 
the  f ro n t ,  a d i f f e r e n t i a l  probe was employed. The construc tion  of 
th ese  probes i s  shown in Fig. 6. Coaxial construction was used to  e l i ­
minate loops in  the probe c i r c u i t  which might give spurious inductive 
s ig n a ls .  The connecting cable was a 50 ohm coaxial cab le ,  with the 
o u te r  in su la t io n  removed, th a t  was placed inside  four m ill im e te r  Pyrex 
tubing. The in n er  conductor was soldered to a tapered conical t i p ,  and
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the  ou ter  conductor to  a sleeve. Both the  t i p  and s leeve were con­
s tru c te d  from brass . The inner and ou ter  conductor p ieces  were separ­
a ted  by a d is tance  of one centim eter. The space between the two con­
ducting p ieces ,  o r  the  e lec tro d es ,  was f i l l e d  with a low vapor pressure  
epoxy.
These probes were used in  two modes. One v a r ia t io n  was to 
emerse the probe inside  the plasma to  measure the e l e c t r i c  f i e ld  due 
to  the  charge separa tion  a t the f ro n t .  The r e l i a b i l i t y  o f  such te c h n i­
ques i s ,  of course, questionable due to  the  d is tu rb in g  e f f e c t  the  probe 
w i l l  have on the plasma flow around i t .
When the probes were used in  t h i s  mode, a vacuum "quick coupling" 
was used to e n te r  the probe in to  th e  shock tube.
A c a l ib ra ted  version  of th ese  probes were used to  measure the  
f i e ld  s treng th  o f the quasi-D.C. electrom agnetic  f ie ld s  d riv ing  one 
component o f  the wave. These probes, which were e s s e n t ia l ly  dipole 
antennas, were c a l ib ra te d  a t  1.5 MH using a rad io  r e c e iv e r  in  conjunc­
t io n  with a standard s ignal generator and the s igna ls  t ran sm itted  by a 
lo c a l  radio s ta t io n .  A signal o f  one v o l t  on an o sc il lo scope  co rre ­
sponded to 500 volts/cm in the plasma.
Other minor p ieces  o f  d iag n o stic  equipment were used fo r  
sp ec ia l iz ed  ap p lica tio n s  and w ill be described in  the appropria te  sec ­
t io n s  of experimental procedures and r e s u l t s .
CHAPTER I I I  
EXPERIMENTAL PROCEDURE AND RESULTS
Id e n t i f ic a t io n  of Precursor Components 
Before a systematic experimental procedure could be formulated, 
i t  was necessary  to  in v es t ig a te  the p recu rs iv e  e f fe c ts  in a q u a l i ta t iv e  
manner in  order to  id e n tify  the mechanisms which created and propa­
gated the  luminous fron ts  c a l le d  p recu rso rs .
I t  has been mentioned th a t  Russell had, through the use o f  a 
s ide  arm o f f  th e  main tube, succeeded in  i so la t in g  from the in tense  
lum inosity  in  the  main expansion chamber of the  shock tube what ap­
peared to  be a f lu id  wave with a d e f in i t e  f ro n t  and t ra v e l in g  a t  10® 
cm/sec. Russell was unable to  show whether o r  not t h i s  wave was a lso  
p resen t in  the main expansion chamber o f  the shock tube . At the  tim e, 
in  f a c t ,  i t  appeared th a t  photon produced l ig h t  was th e  major component 
o f  the  luminosity observed in  the main tube and i t  was thought p o ss ib le  
t h a t  the  r e l a t iv e ly  low -in tensity  luminous f ro n t  observed in  the  s ide  
arm might be c rea ted  by some process i n i t i a t e d  when th e  photon produced 
phenomenon passed the junction  of main tube and side arm.
This work began with an attempt to  e s ta b lish  i  f  indeed there  
did e x i s t  a wave in  the main tube and i f  so, to  determine what, i f  any 
dependence upon photoionization the wave had.
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To accomplish t h i s  goal a second s ide  arm was introduced one 
meter downstream from th e  f i r s t .  Matched p a ir s  o f  RCA 931-A PM's were 
s e t  twenty centim eters down each side arm. A time delay between the  
a r r iv a l  of the  f ro n ts  in  the  two s ide  arms was observed and th i s  time 
delay corresponded ex ac tly  to  f l i g h t s  from a common p o in t .  Liou found 
th a t  the  pos it io n in g  o f  a PM near the  head o f  the  f i r s t  s id e  arm as a 
reference po in t allowed one to  t ra ck  th is  wave along the  main expansion 
chamber even in  the presence o f  the photon produced lum inosity . Figure 
7 demonstrates the time delay observed at id e n t ic a l  vantage p o in ts  in 
the two side arms.
I t  has been suggested by some observers th a t  pho to ion iza tion  
o f im purities  could well be the  source o f p recurs ive  e f f e c t s  in  
e le c t r i c a l  shock tubes. Appleton [24] suggested th a t  pho to ion iza tion  
of an im purity, such as oxygen, o f only one p a r t  per m il l io n  in  argon 
gas could explain the  e le c tro n  and ion d e n s i t ie s  observed in  the region 
ahead o f  moderately s trong  shocks in  argon. With considera tions  such 
as t h i s  in mind, th e  99.95 per cent He employed by Russell was replaced 
by the u l t r a  pure He described  previously  and the  vacuum system was r e ­
designed to  insure a much c leaner  environment. When t h i s  was accom­
p lished  there  was a s t r ik in g  reduction o f the  s c a t te re d  lum inosity  ob­
served in the main expansion tube. In f a c t ,  th e  p r o f i l e  o f  the wave 
phenomenon was now c le a r ly  p resen t and the wave could be tracked, con­
tinuously  from about .5 meters in  f ro n t  o f  the  d r iv e r  to  a po in t in  
the  s ide  arm where the wave abrup tly  ceased to  e x i s t .
Some photon induced luminosity was s t i l l  p resen t to  be su re ,  
but t h i s  e f fe c t  i s  minor compared to  the  f lu id  wave and the  luminosity 
drops o f f  ra p id ly ,  as 1 /r^ .
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The f lu id  wave, h e r e a f t e r  ca lled  simply the p recu rso r ,  i s  not 
a f fe c te d  by the p h o to ion iza tion  as ind icated  by the continuous advance 
o f  the precursor f ro n t down th e  main tube and in to  the  s ide arm where 
d r iv e r  o r ig in a tin g  photons cannot reach.
Having thus e s ta b lish e d  th a t  the wave precursor was a unique 
phenomenon associa ted  in  some way with the  d river d ischarge , more 
q u a l i t a t iv e  experiments were conducted to  c la r i fy  the na tu re  o f the 
wave.
Russell had looked f o r  any influence of e l e c t r i c a l  geometry 
on the wave precursor by in troducing  various configurations of cans 
around the side arm, and connecting these cans to the e lec trodes  of 
the d r iv e r ,  and had found no e f f e c t .  These experiments were continued 
in  an attempt to  shed fu r th e r  l ig h t  on the e le c t r i c a l  p ro p e r t ie s  of 
the wave and a t th e  same time to  e lim inate  arguments th a t  s tra y  e le c t r i c  
f ie ld s  might c rea te  p recu rs iv e  r e s u l t s  under the proper conditions.
The f i r s t  experiment cons is ted  of in se r t in g  a one-ha lf  meter 
long, two-inch I.D. s e c t io n  o f  b rass  pipe between the s id e  arm and main 
tube. The ends of the p ipe were f i t t e d  with co lla rs  machined with
o-ring  grooves so th a t  th e  p ipe  could be mated coax ia lly  with the Pyrex 
"Double Tough" p ipe . This arrangement presented no fluid-dynamical 
d i s c o n t in u i t i e s .
The wave would reappear  a t  the  f a r  end of the p ipe  having ap­
p a re n t ly  propagated through with the  proper transm ission speed. I t  
was p o s s ib le  to place a 65 p e r  cent tran sm itt in g  wire screen across 
the  entrance to the tube and s t i l l  observe apparent propagation o f  the 
wave with only a modest reduc tion  in  the in te n s i ty  of the  reappearing
29
wave. The metal cy linder  and g rid  combination was now connected to  
the  room ground and experiments were conducted once again . This 
grounding re su l ted  in a dramatic suppression o f  the wave. Two 931-A 
tubes were s ta t io n ed  f i f ty - se v e n  centimeters apart  on the  f a r  end o f  
the  brass pipe to  form a speedometer. Comparisons o f  the  wave s tru c tu re  
before and a f t e r  grounding the  pipe are shown in Fig. 8.
The observed suppression o f  the wave upon encountering the 
grounded metal p ipe and g r id  c le a r ly  indicated  th a t  th e  energy o f  the 
precursor might well be derived from an e l e c t r i c  f i e ld  asso c ia ted  with 
the  d r iv e r  and would thus be id e n t i f ia b le  as a breakdown wave. The 
idea th a t  the wave might be a breakdown wave was f u r th e r  supported by 
an experimental r e s u l t  which we had long observed. I f  one uses a loop 
probe to  monitor the  cu rren t in  the d river and compares th i s  record 
with the onset o f  the wave, i t  i s  e a s i ly  e s ta b lish ed  th a t  the  wave is  
always in i t i a t e d  in  the general v ic in i ty  o f  th e  in f l e c t io n  p o in t  on the 
cu rren t r i s e .  This apparent dependence on d l /d t  was a c le a r  ind ica tio n  
o f  a possible  re l ian ce  o f the wave on the generation  of an e l e c t r i c  
f i e ld  in the d r iv e r .
In order fo r  a breakdown wave to be p resen t in  an apparatus i t  
i s  necessary to  have a region o f  high p o ten tia l  with re sp ec t to  in f in i ty .  
A study of the discharge c i r c u i t  of the shock tube was th e re fo re  under­
taken to  e s ta b lish  whether o r  not th e re  ex is ted  an improper grounding 
which would allow one e lec tro d e  to  r i s e  in  p o te n t ia l  with re sp ec t  to  
ground thus becoming the d riv ing  electrode fo r  a breakdown wave. I f  the 
grounded e lectrode of an e l e c t r i c a l  shock tube is  t r u l y  a t  ground, then 
i t  would appear th a t  the  only breakdown wave p o ss ib le  would be one
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propagating from e le c tro d e  to  e lec tro d e . This kind o f breakdown wave 
su re ly  e x i s t s  in  a l l  e l e c t r i c a l  shock tubes regard less  o f  c i r c u i t r y .
The ground system on the  shock tube cons is ted  o f  a s ix  inch 
metal mechanical connection from the cap ac ito r  to  the  wall o f  the 
sh ie ld ing  chamber which was connected to  th e  room ground. I t  was de­
cided th a t  the  shock tube would be reconstruc ted  to  e lim ina te  any 
ground loops so th a t  i t  might be determined whether or not the  wave 
was s e n s i t iv e  to  grounding v a r ia t io n s .
The problem was simply to e lim inate  the ground s t r a p  between 
the e lec tro d e  and the  sh ie ld in g  chamber. This was accomplished by 
making one e lec trode  an in te g ra l  p a r t  o f  one wall o f  the sh ie ld ing  
chamber. A th ree  inch ho le ,  la rge  enough to  allow the  passage o f  the 
expansion chamber, was machined in  the chamber w all .  An aluminum 
c o l la r  was then heat f i t t e d  to  the e lec trode  and t h i s  the  was welded 
secure ly  to  the chamber. The expansion chamber, alumina spacer,  and 
o ther  e lec tro d e  could then  be e a s i ly  bo lted  to the chamber w all.
Figure 9 shows the d e t a i l s  o f  t h i s  cons truc tion . I t  should be men­
tioned th a t  the only change introduced in  th i s  reco n s tru c t io n  was the 
elim ination  of the s ix  inch metal ground s t r a p .  All o ther  parameters 
of the d ischarge c i r c u i t  remained unchanged.
Upon completion o f  th i s  m odifica tion , i t  was discovered th a t  
the wave precursor no longer ex is ted . I t  was not simply a m atter  o f  
observing su b t le  d if fe re n c e s  in  wave speeds, e t c . ,  but i t  was, in s te a d ,  
a m atte r  o f observing no wave a t  a l l .  The tru e  i d e n t i ty  o f  the  wave 
was now c le a r ly  exposed. The precursor wave is  a breakdown wave in  the 
sense th a t  i t  i s  driven by one d r ive r  e lec tro d e  which i s  suddenly ra ised
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t o  a high p o te n tia l  with re sp ec t  to  i n f in i ty .  This allows a breakdown 
wave to  propagate in  the standard manner. The q u a l i t a t iv e  explanation 
o f  breakdown wave propagation o ffe red  by Beams in 1930 s t i l l  i s  an ex­
c e l le n t  source to  r e f e r  to .  The breakdown wave in an e le c t r i c a l  shock 
tube i s  no t, however, a ty p ic a l  breakdown wave which i s  driven by the 
p o te n t ia l  applied to  a c a p a c i to r .  The wave in th i s  apparatus i s  
driven by the large p o te n t ia l  which can be generated across inductances 
su b jec t  to  the very large  r a te  o f  current change (10^^ amperes/sec) 
th a t  i s  developed during the onset o f  the d r iv e r  d ischarge.
The ou ter  e le c tro d e ,  which becomes the d riv ing  electrode for 
th e  wave, gets i t s  p o te n t ia l  by mutual inductance with respect to  ground 
due to  the large EMF generated by the changing magnetic flux which links  
th e  c i r c u i t  formed by the  e le c tro d e ,  mechanical ground s trap ,  and 
sh ie ld ing  chamber w all. The s tren g th  of the  d riv ing  p o te n t ia l  respons­
ib le  fo r  the propagation o f  the  breakdown wave depends on the value o f 
the  mutual inductance and i s  thus d i re c t ly  r e la te d  to  the  geometry of 
th e  discharge c i r c u i t .
The existence o f  the  very large cu rren t r a te  o f  change during 
th e  d r iv e r  discharge is  responsib le  for the induced e lec tron  
which equals -M^ d l^ /d t  where M^ g i s  the mutual inductance of the two 
c i r c u i t s ,  marked A and B in  Fig. 10, and d l^ /d t  i s  the  ra te  o f current 
change in  the discharge c i r c u i t  A. The negative sign comes from Lenz' 
[1] Law.
The induced electrom otance, responsib le  fo r  d riv ing  the precur­
s o r ,  can e as i ly  be ca lcu la ted  i f  the values o f d l /d t  and also the value 
o f the mutual inductance, M, of the  c i r c u i t  are known. In the present
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Figure 10. Breakdown wave d r iv in g  c i r c u i t .
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shock tu b e ,  d l /d t  can approach 10^^ amperes/sec and thus i t  i s  seen 
th a t  an induced EMF o f  15,000 v o l ts  i s  capable o f being produced fo r  
a value o f  mutual inductance corresponding to  only 0.15x10"® henries .
The exact behavior o f  d l / d t  in  the  shock tube i s  d i f f i c u l t  to 
analyze. The analysis  by Fowler [25] o f  the d ischarge data o f  several 
e l e c t r i c a l  shock tubes ind ica tes  th a t  th e  d r iv e r  i s  a n o n - lin ea r  r e ­
s i s t i v e  element which may be approximated by the expression
R = R^e + Vj-apacitor/^ •
This in d ic a te s  th a t  the curren t and voltage may well d isp lay  non-ohmic 
c h a r a c te r i s t i c s  u n t i l  the gas in  the  d ischarge d r iv e r  becomes highly 
conducting. This non-ohmic behavior would a l t e r  the  behavior o f  the 
d l / d t  and also  the behavior of the driv ing  voltage induced. Such an 
a l t e r a t io n  would a f f e c t  the launching o f  the p recu rso r .
With the na tu re  o f the wave precursor  now c le a r ,  i t  was decided 
to  continue in v es tig a tio n s  on th i s  new arrangement in o rder  to  d e te r ­
mine whether or not res idua l components, which might be responsib le  fo r  
any p recu rs ive  e f f e c t s ,  ex is ted .
Two minor phenomena were found to  e x i s t  although n e i th e r  would 
explain  the  descrepancies between f lu id  dynamical p red ic t io n  and ex p er i­
ment th a t  have been observed in  the e l e c t r i c a l  shock tube . These two 
re s id u a l  components w il l  be discussed below.
Photopreionization 
There did e x is t  in the new apparatus some p h o to -e x c i ta tio n  or 
io n iz a t io n  during the f i r s t  microsecond o r  so o f  the  e l e c t r i c  discharge
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driv ing  the  shock tube. This lum inosity  did not change appreciably 
when switching from one discharge c i r c u i t  con figu ra tion  to  another.
This luminosity was, however, a f fe c te d  g r e a t ly  by im purity concentra­
t io n s  in the  gas. The phenomenon had no d i s t i n c t  o p t ic a l  p r o f i l e  and 
manifested i t s e l f  only as b r ig h t  r a d ia t io n  which appeared to  follow 
the capacito r  o s c i l l a t io n s  and which progressed a t  l i g h t  speed.
Observations made of the  a t ten u a tio n  o f  t h i s  photo ion ization  
in  conditions of g rea t  p u r i ty  in d ic a te  a 1/r^ dependence. The re ­
s u l t s  implied th a t  one could begin to  study the  p recu rso r ,  f ree  from 
any photo ionization  co n tr ib u tio n , a t  a p o in t  approximately f i f t y  c e n t i ­
meters from th e  d r iv e r  when using the o r ig in a l  c i r c u i t r y .
Another in te re s t in g  aspect of th i s  photon induced luminosity 
was discovered during e lec tron  temperature measurements taken on the 
main expansion chamber. Russell p red ic ted  th a t  i f  photon absorption 
were a major mechanism producing n e a r -d r iv e r ,  hot p recurs ive  e lectrons  
then one would expect th a t  in  the  v i c in i ty  o f  the d r iv e r  the  tempera­
tu re  would increase  with d is tance  s ince the  h igher energy photons would 
go fu rth e r  due to  the photo ion iza tion  cross se c t io n  decreasing with in ­
creasing energy. This was not found to  be the  case in  th i s  apparatus.
Electron Diffusion 
Extensive s tu d ie s  were a lso  made in  the s id e  arm of the modified 
shock tube in  an attempt to observe any e x is t in g  lum inosity  in  advance 
o f  the plasma acoustic  shock.
One observation s ta t io n  was e s ta b lish e d  employing the  RCA 7746 
PM. This very s e n s i t iv e  tube was operated a t  the maximum anode-cathode 
supply voltage of 2,500 v o l ts .  The s ig n a ls  were fed in to  the  type 454
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o sc il lo sco p e  and compared to  the discharge curren t d l / d t .  The s ta t io n  
was mounted 300 cm from the d r iv e r .
A very low in te n s i ty ,  d iffu sed , o p tica l  signal appeared some 
f ive  microseconds a f t e r  th e  onset o f  the d r iv e r  cu rren t;  The face o f  
the 7746 was then covered in order to  d is t in g u ish  re a l  s igna l from PM 
no ise . All t ra c e  of a s ignal vanished when th i s  was done. The ends 
of the  meter long sec tions  of pipe forming the  side arm and expansion 
chamber were b a ff led  using brass r ings  to  prevent l ig h t  o r ig in a t in g  in  
the v i c i n i t y  o f the d r iv e r  from being piped down the walls o f  the  tube. 
This had no e f fe c t  on the  signal observed.
Our f in a l  conclusion is  th a t  th is  phenomenon involves the 
d if fu s io n  o f  e lec trons  s im ila r  to  the  e f fe c t  f i r s t  observed by Weyraann. 
I t  i s  not apparent th a t  th i s  luminosity should be ca lled  a f ro n t  due to  
the apparent lack of a s u f f i c i e n t ly  rapid r i s e  in  e lec tro n  concentra­
t io n .  The d e n s i t ie s  and temperature associated  with the  e le c tro n  d i f ­
fusion as observed in  the apparatus are n eg l ig ib le  when compared to  
the p recu rso r  wave's con tr ibu tion .
The remainder of th i s  work w il l  focus on the d e ta i le d  study of 
the induc tion  driven breakdown wave which c o n s t i tu te s  the  major compo­
nent o f  p recu rs ive  e f f e c ts  in  the e le c t r i c a l  shock tube.
Experimental Studies of the  Induction Driven 
Breakdown Precursor 
Studies of the precursor were made of waves driven by both po­
s i t i v e  and negative  p o l a r i t i e s .  Shelton introduced the terms proforce 
waves, fo r  which the e l e c t r i c  f ie ld  acce le ra tes  the e lec tro n s  in  the 
d i re c t io n  o f  wave propagation, and an tifo rce  waves fo r  the case where
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e lec tro n  a cce le ra t io n  and wave propagation are opposite d ire c t io n s .
The former case a r ise s  when the driv ing  e lec trode  i s  negative with 
respect to  ground and the l a t t e r  when the  e lec tro d e  i s  p o s i t iv e .  Re­
fe rr in g  again to  Fig. 10, i t  can be seen th a t  i f  the f lo a tin g  electrode 
(#1) of the  d r iv e r  section is  pulsed p o s i t iv e ly ,  then the induced 
electromotance i s  such th a t  e lec trode  number 2 becomes pos it iv e  with 
respect to  ground, thus generating a n t i fo rc e  waves. VVhen electrode 
number 1 i s  pulsed negatively  theh e lec tro d e  number 2 becomes negative 
with respect to  ground and proforce waves are propagated.
The connection o f  the power supply, ca p a c ito r ,  ign itron  switch, 
and d r iv e r  in  the  proper sequence allows one to  study proforce o r a n t i ­
force waves a t  w i l l .  Figure 11 i s  a block diagram demonstrating the 
c i r c u i t ry  fo r  both proforce and a n t i fo rc e  waves. The ign itron  must be 
maintained in a fixed v e r t ic a l  p o s i t io n  and i t  w i l l  pass current in  
only one d i re c t io n .  These fac ts  must be considered when the p o la r i ty  
change i s  made.
The E ffec t o f  Heat Conduction
Fowler and Hood had pos tu la ted  th a t  the  very hot e lec tron  gas 
ex is t in g  in  the  shock tube d r iv e r  a f t e r  the  i n i t i a t i o n  of the discharge 
might provide an energy source fo r  p recu rs iv e  e f f e c t s .  Energy could be 
transm itted  to  the wave f ron t by heat conduction v ia  e lec tro n -e lec tro n  
c o l l i s io n s .  Although the r e s u l t  with the  modified c i r c u i t  of Fig. 9 
had shown th a t  th i s  could not be the p r in c ip a l  process responsible  for 
the p recu rso r ,  i t  was a n tic ip a ted  th a t  such an e f fe c t  might s t i l l  aug­
ment the wave. To t e s t  t h i s  p o s tu la te ,  the  following experiment was 
conducted.
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A one-ha lf  inch th ick  brass  p la t e ,  two inches in diam eter, 
was machined so th a t  i t  could be pressed  t i g h t l y  in to  the c y l in d r ic a l  
e lec trode  o f  th e  d r iv e r .  Once in  p lace , the  d r iv e r  was completely 
closed while th e  d ischarge  c i r c u i t r y  of the  shock tube was not a f fe c te d .  
In t h i s  way none o f  the  hot d r iv e r  gas could escape in to  the  expansion 
chamber but the breakdown wave p recu rso r  would s t i l l  be launched and 
propagated. In analyzing the r e s u l t s ,  i t  was assumed that no photo­
io n iz a t io n  e f fe c ts  s ig n i f ic a n t ly  aided the  p recu rso r.  Such an assump­
t io n  seems experim entally  j u s t i f i e d .  Also, a l l  measurements were made 
in  the  s ide  arm.
The plugged d r iv e r  re su l te d  in a  decrease o f  both the ve loc ity  
and in t e n s i ty  o f  the  wave. I t  i s  concluded th a t  the breakdown wave 
precu rso r  i s  augmented by what i s  most l ik e ly  heat conduction from the 
d r iv e r .
Wave Speed Studies
Wave speed s tu d ie s  o f  the p recu rso r  were made o f both proforce 
and a n t i fo rc e  waves u t i l i z i n g  the  same techniques . The wave speeds were 
obtained by measuring th e  time of f l i g h t  o f  the wave fo r  severa l viewing 
s lo t s  along the  discharge tube. Ten centim eter long cy linders  o f  black 
paper were used to form the s lo t s .  The width and e f fe c t iv e  he igh t of 
each s l i t  were ad justed  during opera tion  to  insure th a t  s igna ls  o f  near 
constan t amplitude, at one value o f  PM vo ltag e , could be obtained during 
an e n t i r e  run. This avoided the need to  progress from low to  high PM 
operating  voltages which would a f f e c t  the  time response of the  tube. 
S ignals were recorded on a dual-beam osc il lo scope  tr iggered  ex te rn a lly  
by a 931-A PM s ta t io n e d  f i f t y  centim eters  downstream from the  d r iv e r .
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The EMI 9558 and the RCA 7746 recorded the wave's passage. Figure 12 
shows a block diagram of the  experimental apparatus.
The experimental procedure was to p o s it io n  the  EMI 9558 a t  a 
fixed loca tion  and then move the  RCA 7746 to  viewpoints p rog ress ive ly  
fu r th e r  downstream. The time o f  f l i g h t ,  t ,  o f  the  wave was then 
measured between two viewports and the average v e lo c i ty  between these 
two p o in ts  was calculated  as v = t /L  where L was the d is tance  t r a v e l le d  
by th e  wave. Measurements were taken a t  ten  centim eter in te rv a ls  from 
a p o s i t io n  about f i f t y  centim eters downstream from the d r iv e r  to  the 
po in t where the wave would ab ru p tly  cease to  propagate. This abrupt 
c u t -o f f  w il l  be discussed l a t e r .
The sharp p ro f i le  of th e  wave toge ther  with the  very rap id  r i s e  
time o f  the  o p tic a l  p ro f i le  allowed accurate  monitoring o f  th e  time in ­
te rv a ls  involved. The time o f  f l i g h t  was measured by taking th e  time 
d iffe ren ce  from the onset of th e  wave a t  one s ta t io n  to  the onse t  a t  a 
second s t a t io n .
The above method, owing to  the sharp o p t ic a l  p r o f i l e s ,  f a s t  
r is e t im e s ,  and g rea t  r e p ro d u c ib i l i ty  o f  the wave launching appara tus , 
was t ru s te d  to  produce accurate r e s u l t s .  A second technique, however, 
was used to  check the ve loc ity  r e s u l t s  fo r  accuracy. This method i s  
discussed in  d e ta i l  in  the d i s s e r ta t io n  o f R. N. B lais  [26] and o ffe rs  
h igher absolute  time reso lu tion  than any known method o f  wave speed 
an a ly s is .  The method makes use of nuclear  data  handling techniques and 
b a s ic a l ly  i s  as follows.
Two PM tubes were p o s it io n e d  before the viewports and th e  PM 
s ig n a ls  were applied by times cables to  the s t a r t  and stop inpu ts  o f
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a time to  pulse height converter .  The output pulse  was vo ltage  ana­
lyzed by a multichannel analyzer  which could assemble and s to re  the 
re s u l t s  o f  a s t a t i s t i c a l l y  s ig n i f ic a n t  number o f  events. Data on 
time delays between observation  ports  were read out on an oscilloscope. 
The e n t i r e  apparatus could be c a l ib ra ted  aga ins t delay l in e s  known to 
about one nanosecond. The procedure was to  leave the s t a r t  PM a t  a 
f ixed p o s it io n  along the tube and to  move the stop PM to  a  successive 
p o r ts ,  obtaining d istance versus time p lo t  and thus the v e lo c i ty  of 
wave as a function  of d is tan ce .
This s t a t i s t i c a l  method o f  wave speed measurement was used to 
measure the p recurso r  wave speeds fo r  a few values o f E and P and the 
r e s u l t s  were then compared to  those re s u l t s  obtained a t  th e  same values 
o f  E and P by th e  o sc il lo sco p e  method described above. In  a l l  cases 
the  r e l a t iv e  e r ro r  between the  two was not s ig n i f ic a n t ly  g r e a te r  than 
one per cen t.  The reason f o r  th i s  agreement o f  course i s  due to  the 
rap id  r ise tim e  and very cons tan t behavior exh ib ited  by th e  precursor 
in  our a p p a ra tu s .
One fu r th e r  con s id e ra tio n  i s  necessary before l i s t i n g  the ex­
perimental r e s u l t s .  Tlie v o ltage  driving the  wave, and th e re fo re  para­
meters such as wave speeds and temperatures, a l l  depend d i r e c t ly  on 
the  value o f  the mutual inductance o f  the discharge c i r c u i t .  I t  has 
been previously  mentioned th a t  th is  value depends only on the geometry 
o f  the c i r c u i t .  Therefore th e  r e s u l t s  below w il l  be v a l id  only for one 
p a r t i c u la r  value o f  mutual inductance, although the l i n e a r  dependence 
o f  driv ing voltage to  mutual inductance would allow one t o  ex trapo la te  
the  r e s u l t s  to o th e r  cases. I t  was observed experim entally  th a t
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changes in  the  connecting elements o f  the  discharge c i r c u i t  had a 
d i re c t  e f f e c t  on the wave's parameters. An e f fo r t  was made to  make 
the connections o f  th e  various elements o f the discharge c i r c u i t  as 
short as mechanically possib le .  Inductive loops were a lso  eliminated 
where p o ss ib le .
The c r i t i c a l  importance o f  the discharge configuration  on 
the wave's performance introduces another su b tle  considera tion  in to  
the wave a n a ly s is .  The mechanical changes needed to  switch from pro­
force waves to  a n t i fo rc e  waves render i t  very d i f f i c u l t  to  study both 
kinds of waves under id e n tic a l  conditions. An attempt was made to  
t a i l o r  the  c i r c u i t s  so th a t  the parameters were approximately the same 
in  both cases. I t  should be mentioned th a t  the observations of I s l e r  
and Kerr [27], who observed a precursor under only one p o la r i ty ,  were 
probably the r e s u l t  o f  a great lack of p a r i ty  in the values o f c i r c u i t  
inductance fo r  the two cases. A very small value of c i r c u i t  inductance 
would r e s u l t  in the generation o f  a weak precurso r  or ,  in  the  extreme 
case, no wave a t a l l .
Velocity  v s . Distance. The wave speed data was p lo t te d  as a 
function o f  d is tance  and the r e s u l t s  fo r  waves of both p o la r i ty  appear 
in  Figs. 13 and 14. The fac t th a t  these p lo ts  are l in e a r  on log-log 
paper in d ica te s  th a t  the wave speed follows a power law decay curve 
with respect to  d is tan ce .  S p e c if ic a l ly ,  the  precursor wave speeds ap­
pear to  depend on d is tance  about like
V =  g Z - 1  .
One could perhaps have a c le a re r  p ic tu re  o f the waves a t ten u a tio n  i f
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the  expression r e la t in g  v with z is  d i f f e re n t ia te d  with respect to  z. 
This operation  gives
§ ' ■ •
I t  should be noted th a t  the  actual slope of the v vs. z graph i s  
g re a te r  than one and i s  ac tu a l ly  c loser  to  1 . 1 . 1 .1  rep resen ts  the
slope of the l e a s t  square f i t  of the data p o in ts .  There are ac tu a l ly  
two slopes involved. One slope, s l ig h t ly  le ss  than one, is  applicable  
to  a l in e  drawn through only those da ta  po in ts  obtained in the main 
expansion chamber. Another slope, s l ig h t ly  g rea te r  than  one i s  ob­
ta in ed  from the da ta  taken in  the s ide arm.
The g re a te r  a t ten u a tio n  of the wave speeds in  th e  s ide  arm i s  
most l ik e ly  due to  the f a c t  th a t  the heat conduction process feeding 
energy to  the f ro n t  must ac t  along two d i f f e re n t  paths fo r  waves pro­
pagating in  the s id e  arm. There may also  be a s l ig h t  viscous e f fe c t  
imposed upon the  wave by the junction  between the side arm and the  
main expansion tube.
I f  one assumes th a t  the wave i s ,  in general, governed by the 
expression dv/dz = - 3v^, then i t  is  c le a r  th a t  the constant 3 must 
have the u n its  o f  cm^/sec. These u n its  are proper fo r  a d if fu s io n  con­
s ta n t  and i t  i s  p o s tu la ted  th a t  the a ttenua tion  of the  precurso r  i s  a 
r e s u l t  of the d if fu s io n  o f  e lec trons  in  a r a d ia l  d ire c t io n  re su l t in g  
in  energy lo ss  through heat conduction.
I t  would prove in te re s t in g  to  carry out a more extensive ana­
ly s is  of the constan t 3 in  order to exactly  re a l iz e  the nature o f  the 
processes governing the  a ttenua tion  o f a breakdown wave of the p recu r­
s o r 's  complexity.
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One more fea tu re  o f the  re s u l t s  of th e  v e lo c i ty  as a function 
o f  d is tan ce  s tud ies  remains to  be d iscussed. I t  was observed tha t  the 
wave ab rup tly  ceased to  propagate a f t e r  t ra v e l in g  some c r i t i c a l  d i s ­
tance z where z depended on th e  applied cap ac ito r  v o ltag e ,  V, and the 
gas p re s su re ,  p. In a ten centim eter in te rv a l  the o p t ic a l  in te n s i ty  
o f the  wave could drop from i t s  f u l l  value to  a n e g lig ib le  amount.
This e f f e c t  is  e a s i ly  understood by once again studying Fig. 10. The 
wave w il l  propagate as long as a vo ltage, with respec t to  i n f i n i t y ,  
remains on the  ground e lec tro d e . The sudden term ination  of the  p recu r­
sor r e s u l t s  from the plasma aco u s tic  shock wave t ra v e l in g  the ten c e n t i ­
meter d is ta n c e  from the e lec trode  to  the o r i f i c e  in the s h e i ld  box, and 
thus sh o rt in g  out the  manual inductance th a t  maintained the  driving po­
t e n t i a l .  The wave w il l  accomplish th is  sho rting  in  a s h o r te r  period o f  
time than i s  requ ired  fo r  d l / d t  to  go to  zero. I t  was found th a t  the 
term ination  d is tances  observed required th a t  the  plasma acoustic  shock 
wave be t r a v e l in g  with speeds of from 1 0  ^ t o  1 0  ^ cm/sec, depending on 
the app lied  cap ac i to r  voltage V and the gas p ressure  p. These speeds 
agree w ith th e  experimental values observed on th is  shock tube.
The observation  of the  cut o f f  and th e  reason behind such a 
term ination  emphasizes the very c r i t i c a l  na tu re  of d is tance  between the 
r ing  e le c tro d e  and the  o r i f i c e .  Assuming plasma acoustic  shock wave 
speeds o f  1 0  ^ cm/sec implies th a t  fo r  a ten cen tim eter d is tance  between 
e lec trode  and o r i f i c e ,  as e x is ts  in the p resen t apparatus, a precursor 
might be propagated fo r  one microsecond while fo r  a d is tan ce  of two 
cen tim ete rs ,  the  wave would be terminated a f t e r  only tw o-tenths o f a 
microsecond. For a precursor whose wave speed i s  5x10® cm/sec, the
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former condition r e s u l t s  in  a f iv e  member propagation d is tan ce  while 
th e  l a t t e r  case implies a propagation o f  only one meter.
F ina lly  i t  should be emphasized th a t  the  re s u l t s  given above 
fo r  p roforce and a n t i fo rc e  waves were not taken under the exact same 
conditions fo r  each case. Comparisons, th e re fo re ,  o f  the  two kinds o f  
waves based on the da ta  p resen ted  should be made with caution . I t  
should be mentioned, however, th a t  proforce wave speeds appear to  be 
f a s t e r  than an tifo rce  wave speeds . This observation was a lso  made by 
B la is .
Wave Speeds as a Function of V and p. The dependence upon 
wave speeds as a function o f  the  app lied  cap ac ito r  voltage V and gas 
p ressure  p was also s tudied .
The r e s u l t s  o f  the study o f  the wave speed dependence on the 
voltage applied to  the  cap ac ito r  are  given, fo r  both the proforce and 
a n t i fo rc e  case, in  Figs. 15 and 16. These r e s u l t s  deserve some comment.
The voltage applied to  the  cap ac ito r  o f  the shock tube and the 
voltage a c tu a l ly  d riv ing  the p recu rso r  breakdown wave do not have the
same value. Only a f ra c t io n  of the  cap ac ito r  vo ltage i s  induced be­
tween the r ing  e lec trode  and ground. This f ra c t io n ,  as has been p re ­
v iously  mentioned, depends only on d l / d t  and the  geometry o f  the d i s ­
charge c i r c u i t .  A low impedance vo ltage d r iv e r  was used to  give an i n ­
d ica tio n  of the magnitudes o f  the induced voltages and r e s u l t s  appear 
in  Fig. 17.
F in a l ly ,  i t  should be mentioned th a t  the  re su l ts  o f  wave speed
as a function  of applied cap ac ito r  voltage apply only to one discharge
c i r c u i t  geometry. One would get d i f f e r e n t  r e s u l t s  fo r  d i f f e r e n t  geometries
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even though the value of applied voltage were held cons tan t.  This 
should be remembered when comparing th is  da ta  to  the  r e s u l t s  obtained 
on a d i f fe re n t  apparatus.
Velocity as a function o f  gas p ressure  was also  s tud ied . 
Pressures ranged from 0.2 t o r r  to  2 to r r .  Results  fo r  both proforce 
and an tifo rce  waves are shown in Figs. 18 and 19.
One can see from these f igures  th a t  the  wave v e lo c i ty  i s  re la ted  
to  the gas pressure as
-4
V =  k p  .
Fina lly ,  the a x ia l  e l e c t r i c  f ie ld  probes discussed e a r l i e r  were 
used to  measure the ax ia l  e l e c t r i c  f ie ld  appearing a t  the f ron t and 
wave ve loc ity  as a function  of e l e c t r i c  f i e ld ,  E, was s tud ied . These 
probes in  r e a l i ty  measure the space charge f i e ld  r e su l t in g  from the 
e lec tron  m obility . This space charge f ie ld  p e r tu rb s  the p o te n t ia l  d i s ­
t r ib u t io n  a t  the f ro n t  and tends to  n u lify  the applied  e l e c t r i c  f ie ld  
thus allowing the f i e l d  to  gradually  go to  zero in the ionized gas be­
hind the f ro n t.  More w il l  be sa id  about the a x ia l  e l e c t r i c  f ie ld  
operating in  the shock tube.
The data was p lo t te d  as wave speed ag a in s t  E/p and the re su l ts  
were compared to  the values predic ted  by Shelton; such agreement should 
not be expected in th e  case o f the shock tube p recu rso r  breakdown wave. 
Shelton uses a th re e  f lu id  model to analyze the  case of one dimensional 
waves trav e lin g  in th e  d ire c t io n  an e lec tron  would be accelera ted  by 
the  applied e l e c t r i c  f i e ld .  Such an analysis  should describe  a proforce 
precursor with no augmentation. The p recurso r, however, receives addi­
t io n a l  energy through heat conduction. I t  i s  a n t ic ip a te d  th a t  the
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a d d it io n  o f  an appropriate  h o t e lec tro n  chemical p o te n t ia l  in  S he lton 's  
equations would r e s u l t  in  an an a ly s is  more descrip tive  o f  the  shock 
tube p recu rso r .
Electron Temperature and Density 
Measurements
Discussion o f  the Method 
The e lec tro n  tem peratures and d e n s it ie s  were measured using 
the  Ja r re l l -A sh  monochromator and the RCA 7746 PM, both having been 
p rev iously  described. The monochromator-PM system was mounted on a 
movable c a r t  and could be moved along the r a i l ,  p a r a l l e l  to the  tube, 
to  any d es ired  viewport. The EMI 9558 PM was used as a s ta t io n a ry  t r i g ­
g e r  to  a c t iv a te  the  h o r iz o n ta l  sweep of the  454 osc illo scope . Results 
were recorded by a Polaroid  camera mounted on the o sc il lo scope . The 
e le c tro n  temperatures and d e n s i t i e s  fo r  waves of both p o la r i ty  were 
measured using th is  apparatus.
The method used to  measure the temperatures and d e n s i t ie s  i s  
based on the  technique described  by Latimer, Mills and Day, bu t involves 
th e  an a ly s is  o f  a time varying case ra th e r  than a s t a t i c  one. The 
method i s  derived from the  following considerations .
I f  the  e x c ita t io n  of th e  gas atoms in a tenuous helium plasma 
is  assumed to  be due so le ly  to  e lec tro n  c o l l i s io n s ,  and m ultip le  pro­
cesses such as e x c ita t io n  t r a n s f e r  or e x c ita t io n  from the m etastable 
s ta t e s  are  assumed to be n e g l ig ib le ,  then the  in te n s i ty  as measured by 
a p h o to m u lt ip lie r  tube, o f  a s p e c t r a l  l in e  involving a j to  k t r a n s i ­
t io n  i s  given by
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PMwhere i s  a constan t depending on the sp e c tra l  response of the 
and the o p tic a l  parameters o f the  system being s tu d ied ,  represents 
the  energy o f the  photon re leased , and J . ,  i s  defined as
where A^ j, i s  the t r a n s i t i o n  p ro b ab il i ty  and n^ is  the  number of atoms 
in  the j t h  exc ited  s t a t e .
For the non-steady s t a t e  one is  in te re s te d  in  d l /d t  and the 
expression can be w r i t te n  as 7— ^—  ^  = - + (a.,v)Nn» where (a.v)
A j k f j k  d t  f j k  3 k  e  3
represen ts  the o p t ic a l  cross sec tions  fo r  the j t h  leve l m u ltip lied  by 
the  e lec tron  v e lo c i ty  and averaged over the plasma e le c tro n  ve locity  
d is t r ib u t io n ,  and N and n^ rep resen t the number of n e u tra l  atoms and 
the number o f e le c tro n s  re sp e c t iv e ly .  By divid ing  the  above equation 
by a s im ila r  one fo r  a d i f f e r e n t  t r a n s i t io n  we have
d'/dt * I/fj„ -
Thus we have on the r ig h t  hand s ide  o f Eq. (1) th e  r a t io  of 
two cross sec tio n s  which are d i f f e r e n t  functions o f  e le c tro n  ve loc ity  
and th e re fo re  a v a r ia b le  function o f e lectron  tem perature. The two 
cross se c t io n s ,  i t  should be s tre s se d ,  must have a d i f f e r e n t  functional 
dependence on the  e le c tro n  temperature. For t h i s  reason one might com­
pare a s in g le t  to  a t r i p l e t  t r a n s i t io n  fo r  example. Tlie l e f t  hand side 
o f the equation can be computed once the experimental values of I have 
been obtained.
Experim entally, the I ' s  were measured in  a r b i t r a r y  u n its  from 
osc illoscope  photographs enlarged v ia  an opaque p ro je c to r .
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Values of I were measured a t  ten nanosecond in te rv a ls  along 
th e  e n t i r e  op tica l  p r o f i l e  o f  the wave. The r a t io  on the l e f t  o f  Eq. 
(1) was then computed on an IBM 1130 computer using the program l i s t e d  
i n  the Appendix. This r a t i o  was compared to  the  r a t io s  o f  cross 
sec t io n s  tabu la ted  by Latimer, M ills  and Day. These ta b u la te d  values 
a re  found in  Table 1.
The above considera tions  allow one to  measure e le c tro n  temper­
a tu re s  and require  only a r e l a t iv e  ca l ib ra t io n  o f  the o p t ic a l  system. 
The e lec tro n  density  may a lso  be measured by using the expression  
Ne = No) but req u ires  an absolute c a l ib ra t io n .  A tungsten
ribbon standard lamp was used fo r  t h i s  c a l ib ra t io n .  The c a l ib r a t io n  
was p a tte rn ed  a f t e r  the  method discussed by S t.  John [28].
The spec tra l  l ines  chosen fo r  the measurements were the 5048 
angstrom He line  and the 4713 angstrom He l in e .  These two l in es  were 
s u f f i c i e n t ly  i so la te d  and in te n se  enough to make them e a s i ly  observable 
and experimentally q u ite  p r a c t i c a l .  The choice of these  two l in es  
o f fe r s  an add itional advantage. The 5048 l in e  in  He o r ig in a te s  from 
th e  4^8 leve l while the  4713 l in e  o r ig in a tes  from the 4^5 le v e l .  The 
e x c i ta t io n  cross sec tions  o f  l in e s  o r ig in a tin g  from these  lev e ls  have 
been shown by M ille r  [29] to  be r e la t iv e ly  f ree  from p ressu re  e f fe c ts .
These l ines  a lso  have the advantage th a t  the r a d ia t io n  from 
th e  e lec tro n  beam cross sec t io n  measurement experiments i s  unpolarized 
and hence the cross sec tions  w il l  be more accurate since no co rrec tions  
fo r  anisotropy of the  emission o f  rad ia t io n  are necessary. The actual 
values o f  the  cross sec tio n s  used in  the ca lcu la tions  were obtained by 
Latimer [30].
Table I .  Maxwellian Averages o f  O ptical Cross Sections fo r  Helium <Qj%v> and C alcu la ted  Line 
Ratios as a Function o f E lec tron  Temperature (M ultiply a l l  averages by 10"11).
kT(eV) 5048% 4 7 1 3R 4438^ 4 1 2 1R 4686X ^5048/^4713 ^4 4 3 5 /^ 4 1 2 1 I 4 1 2 1 / I 4686
2.0 8.64E-5 1.66E-4 2.70E-5 4.59E-5 7.93E-18 0.521 0.588
2.5 8.83E-4 1.62E-3 2.85E-4 4.75E-4 1.71E-14 0.544 0.6
3.0 4.09E-3 7.29E-3 1.37E-3 2.22E-3 2.90E-12 0.565 0.615
3.5 1.24E-2 2.11E-2 4.16E-3 6.60E-3 1.15E-10 0.587 0.631
4.0 2.81E-2 4.63E-2 9.57E-3 1.48E-2 1.82E-9 0.605 0.647
4.5 5.29E-2 8.46E-2 1.82E-2 2.75E-2 1.58E-S 0.624 0.665
5.0 8.76E-2 1.36E-1 3.05E-2 4.47E-2 8.89E-8 0.643 0.682
5.5 1.32E-1 1.99E-1 4.63E-2 6.63E-2 3.68E-7 0.660 0.698
6.0 1.86E-1 2.73E-1 6 .55E-2 9.15E-2 1.21E-6 0.679 0.716 76000
6.5 2.48E-1 3.55E-1 8.77E-2 1.20E-1 3.30E-6 0.697 0.733 36400
7.0 3.16E-1 4.42E-1 1.13E-1 1.50E-1 7.84E-6 0.715 0.75 • 19100
7.5 3.91E-1 5.33-1 1.40E-1 1.82E-1 1.66E-5 0.731 0.767 10960
8.0 4.70E-1 6.26E-1 1.68E-1 2.15E-1 3.22E-5 0.749 0.784 6670
8.5 5.52E-1 7.19E-1 1.98E-1 2.47E-1 5.77E-5 0.765 0.802 4280
9.0 6.37E-1 8.12E-1 2.29E-1 2.80E-1 9.71E-5 0.784 0.819 2880
9.5 7.23E-1 9.03E-1 2.61E-1 3.12E-1 1.55E-4 0.800 0.836 2070
10.0 8.10E-1 9.91E-1 2.93E-1 3.44E-1 2.36E-4 0.816 0.853 1456
12.0 1.16E0 1.31E0 4.21E-1 4.57E-1 9.04E-4 0.882 0.921 506
14.0 1.49E0 1.56E0 5.43E-1 5.49E-1 2.38E-3 0.955 0.989 230
16.0 1.79E0 1 .76E0 6.54E-1 6.19E-1 4.96E-3 1.017 1.057 125.0
t n
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Table  I (Cont’d .)
kT(ev) 504 8A 4713A 4438A 4121A 4684A ^5048/^4713 ^4438/^4121 I 4 1 2 1 / I 468 6
18.0 2.06E0 1.90E0 7.55E-1 6.71E-1 8.82E-3 1.084 1.13 76.0
20.0 2.31E0 2.01E0 8.46E-1 7.08E-1 1.40E-2 1.15 1.195 50.4
22.0 2.52E0 2.08E0 9.26E-1 7.33E-1 2.06E-2 1.211 1.26 35.6
25.0 2.81E0 2.14E0 1.03E0 7.55E-1 3.28E-2 1.311 1.366 23.03
30.0 3.19E0 2.15E0 1.17E0 7.62E-1 5.82E-2 1.477 1.54 13.1
35.0 3.49E0 2.12E0 1.28E0 7.48E-1 8.83E-2 1.642 1.71 8.48
40.0 3.73E0 2.06E0 1.37E0 7.26E-1 1.21E-1 1.81 1.885 5.99
45.0 3.92E0 1.98E0 1.44E0 6.99E-1 1.55E-1 1.971 2.056 4.51
50.0 4.07E0 1.90E0 1.49E0 6.71E-1 1.89E-1 2.135 2.226 3.54
55.0 4.20E0 1.83E0 1.54E0 6.43E-1 2.23E-1 2.30 2.394 2.88
60.0 4.31E0 1.75E0 1.56E0 6.16E-1 2.56E-1 2.46 2.56 2.41
65.0 4.41E0 1.68E0 1.61E0 5.92E-1 2.87E-1 2.618 2.72 2.06
70.0 4.48E0 1.62E0 1.64E0 5.68E-1 3.17E-1 2.77 2.884 1.79
75.0 4.55E0 1.55E0 1.66E0 5.46E-1 3.46E-1 2.935 3.042 1.58
80.0 4.61E0 1.50E0 1.68E0 5.26E-1 3.73E-1 3.07 3.2 1.41
85.0 4.66E0 1.44E0 1.70E0 5.07E-1 3.98E-1 3.22 3.35 1.274
90.0 4.70E0 1.39E0 1.71E0 4.89E-1 4.22E-1 3.36 3.5 1.16
95.0 4.73E0 1.35E0 1.73E0 4.73E-1 4.44E-1 3.505 3.65 1.066
o\o
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Figure 20 shows th e  measured e lec tro n  temperature as a function 
o f  d is tan ce  fo r  a proforce wave. Figure 21 shows the  measured e lec tron  
temperature as a function  o f  time along the o p t ic a l  p r o f i l e  o f  the wave. 
The maximum values o f temperature are  l i s t e d  and these  were obtained by 
using the  r a t io s  o f  the sp e c tra l  l in e s  a t  the p o in ts  on th e  o p tic a l  
p r o f i l e s  corresponding to  ten  nanoseconds a f t e r  the  o p t ic a l  onset.
Figure 22 shows th e  measured e lec tron  density  o f  a p roforce  wave as a 
function  of time along the op tical p r o f i l e  o f the  wave.
Figure 23 shows the  measured e lec tro n  temperature o f an a n t i ­
fo rce  wave as a function  o f  gas pressure at a fixed  d is tance  along the 
s id e  arm. Again, these  values correspond to  maximums.
The r e s u l t s  in d ic a te  th a t  a n t i fo rc e  waves are h o t t e r  than p ro ­
force waves and a lso  th a t  the luminous f ro n ts  assoc ia ted  with an t ifo rce  
waves are th ic k e r .  This da ta  i s  f e l t  to  be q u ite  accurate  w ithin the 
l im i ts  o f  the time re so lu t io n  c a p a b il i ty  of the measuring apparatus. 
While the  data  g e n e ra l ly  agrees with the few measurements o f  precursor 
e lec tro n  temperatures and d en s it ie s  reported  in  the  p a s t ,  i t  i s  lower 
than the 100 eV tem peratures p red ic ted  by Shelton fo r  a breakdown wave 
propagating a t  10^ cm/sec, although a t  low p ressu res  the e lec tron  
temperatures approach 70 eV. Larger e lec tro n  temperatures might be 
p resen t in  a th in  sheath a t  the fron t and i f  t h i s  be the case then one 
would require  r e l i a b l e  monitoring o f  the l in e  r a t io s  well w ith in  the  
f i r s t  ten  nanoseconds o f  the  wave's h is to ry .  I t  i s  doubtfu l,  even with 
an instrument such as the 519 osc illo scope , th a t  such r e l i a b i l i t y  i s  
p o ss ib le  at p re s e n t .
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Temperature vs d is tan ce  down sidearm (cm)
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Figure 20. E lectron  temperature v s .  Z fo r  a p roforce wave,
63
12 
11
10  -  
9 -
8 -
3  
eu
I 5 -
4 -
3 -
2 -
1 -
Temperature vs time 
along o p t ic a l  p ro f i l e  
o f wave.
j __________L J _________ L
0 20 40 60 80 100 120 
TIME [nsec]
140 160 180 200
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Figure  22. E lec tro n  d e n s i ty  v s . time fo r  a p ro fo rce  wave.
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The accuracy o f  th e  e le c t ro n  temperature measurements as a 
function of p re ssu re  i s  perhaps ques tionab le . The value o f  Tg w il l  
c e r ta in ly  be q u i te  a f fec ted  by any p ressure  dependence o f  the l i f e ­
times. Also a t  low p re ssu re s ,  th e  cross sec tions  i f  appreciably  p re s ­
sure dependent would be reduced. This would reduce the number o f  co l­
l i s io n s  and a f f e c t  the  photon flux  observed.
Magnetic F ie ld  Studies
The hypothesis  th a t  hea t conduction might be a major energy 
t r a n s f e r  mechanism fo r  the  p recu rso r  prompted the i n i t i a t i o n  o f  inves­
t ig a t io n s  in to  the  thermal conductiv ity  o f  the  plasma associa ted  with 
the p recu rso r .  The work which w i l l  be reported  in  the  balance o f th is  
chapter was la rge  i n i t i a t e d  and c a r r ie d  out by Dr. M. Naraghi. The 
author aided Dr. Naraghi in  expediting  these  researches , and i s  including 
the r e s u l t s  here f o r  record  purposes and fo r  completion.
I t  i s  well known th a t  a tra n sv e rse  magnetic f i e ld  has the  e f ­
fec t  o f  reducing th e  flow of hea t in  a plasma, to a f i r s t  approxima­
t io n ,  by a f a c to r  (l+w t  1 where w is  the e lec tro n  cyclo tron  f re -  ' ce c ce
quency and tg  i s  the  e le c tro n  c o l l i s io n  time, tg  i s  about the same fo r  
both e le c t ro n -e le c t ro n  and e le c tro n - io n  c o l l i s io n s .
To the  ex ten t th a t  the p recu rso r  r e l i e s  on hea t conduction, the 
establishm ent o f  a tra n sv e rse  magnetic f i e ld  along the  shock tube should 
increase  the hea t  in su la t io n  p ro p e r t ie s  o f  the  gas and thus impede the 
propagation o f  the  p recu rso r.  I t  was decided, th e re fo re ,  to  ca rry  out 
an extensive in v e s t ig a t io n  o f  the  p re c u rs o r 's  behavior in  the presence 
of a magnetic f i e ld  in  order to  c l a r i f y  the ro le  o f  hea t conduction in 
the p re c u rs o r 's  propagation, to  fu r th e r  c l a r i f y  the na tu re  o f th e  wave.
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and to  provide fu r th e r  information to the important to p ic  of th e  e f ­
fe c t  o f  a t ra n sv e rse  magnetic f i e ld  on theimal conductiv ity .
In th e  experiments discussed below, both a transverse  and 
ax ia l  magnetic f i e ld  were u t i l i z e d .  Fringing e f fe c ts  are n eg lig ib le .
The value o f  the B -f ie ld  was 2700 Gauss maximum. Assuming an average 
e lec tro n  tem perature of lOeV fo r  the p recursor and a v e lo c i ty  o f  
10® cm/sec, i t  can be shown th a t  the radius o f  gyration  o f  the e lec trons  
w il l  become sm alle r  than the  tube rad ius .  Using the  same parameters i t  
can be shown th a t  the e le c tro n  c o l l i s io n  frequency i s  approximately 6 
c o l l i s io n s /a n .  Therefore a t  the la rg e r  values of magnetic f i e ld  one 
can c a lc u la te  t h a t  w r^ l. This implies th a t  along one mean f ree  path 
even one gy ra tion  does not take p lace .
I t  should be mentioned th a t  in  a weakly ionized plasma of the 
type occurring  due to  the p recu rso r  the  g rea t  m ajo rity  o f the c o l l i s io n s  
responsib le  fo r  the  propagation o f the wave are  those between the  neu­
t r a l  p a r t i c l e s  and charged p a r t i c l e s .  Because of the  r e l a t iv e ly  small 
charged p a r t i c l e  den s ity  ( i . e . ,  10® p a r t ic le s  cm"®), e le c tro n -e le c tro n  
and ion-ion  c o l l i s io n s  occur much le s s  frequen tly  and make a n eg l ig ib le  
co n tr ib u tio n  to  the  wave propagation. The e le c tro n s ,  however, due to 
th e i r  la rge  m o b ili ty  a t  the  wave f ro n t  where a non-equilibrium plasma 
e x i s t s ,  are more responsib le  fo r  the c o l l i s io n s  than are  the ions. 
Moreover, th e  e lec tro n s  in a magnetic f ie ld  w i l l  be more responsib le  
fo r  any e f f e c t  produced due to  the magnetic f i e ld  owing to  t h e i r  much 
sm aller  rad ius  o f gyration  than the ions.
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V elocity  and Temperature E ffec ts  Due 
to  the Magnetic F ie ld  
Figure 24 shows the temperature dependence of the  wave due 
to  th e  magnetic f i e l d  used upstream. The temperature i s  measured as 
a function  o f  the ax ia l d is tance  measured from the onset o f  the  wave.
Figure 25 shows the output o f  the monochromator w ith two values 
o f  the  magnetic f i e l d  used a t  the wavelengths. 504 8 and 4713% for 
helium. Figure 26 shows the delay time observed due t o  th re e  d i f f e r e n t  
values o f  tran sv erse  B -fie ld .
The r e s u l t s  ind ica te  th a t  the hea t conduction r a t e  was reduced 
when the  magnetic f ie ld  was increased as expected from theory. In 
o th e r  words the magnetic f i e ld  enhances the  heat in su la t io n  property  
o f  the  gas behind the wave fron t thus decreasing the  e f fe c t iv e n e ss  of 
the  heat conduction process.
The Electromagnetic Induction 
The two wire probes, epoxied in to  a section of p ipe , discussed 
e a r l i e r ,  were used fo r  the electrom agnetic induction s tu d ie s .  These 
s tu d ie s  o ffe red  a technique to  measure the flow velocity  o f  the  wave 
f ro n t .  A comparison was made of the r e s u l t s  of th is  study to  the  p re ­
v io u s ly  derived values of the luminous f ro n t  velocity .
The width of the ion izing  wave f ro n t i s  about 15-30 cm long, 
and o f  f a i r l y  constan t speed as shown by the emf induced in  i t . As the 
ion ized  gas flows with a v e lo c i ty  u through the magnetic f i e ld  of 
s tre n g th  B an e l e c t r i c  f i e ld  i s  produced given by E = -u%B. I f  the 
f i e ld s  a re  assumed to  be uniform and perpendicular to flow v e lo c i ty ,  
th e  voltage de tec ted  a t the term inals i s  V-uBd.
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Figure 24. E lec tro n  tem perature downstream v s . magnetic f i e l d  upstream.
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B = 0 Gauss
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Temperature Measurement
PM tube outputs, 5048, and g = 4713, 500 n /sec  p e r  cm
Figure 25. In te n s i ty  o f 5048 He and 4713 He with two values o f  
Magnetic Field.
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500 N sec per  cm.
Figure  26. Delay time produced by B = 0, 300, 2100 Gauss.
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A ty p ic a l  o sc illo scope  t ra ce  o f  th e  voltage detected a t the 
term inals  i s  shown in  Fig. 27. A re s is ta n c e  bridge with b a t te ry ,  and 
in  some cases an i s o la t io n  transform er, was used to  i s o la te  the ground 
from the  probes exposed to  plasma. This i s o la t io n  was found to  be ex­
tremely necessary  in  order to  prevent any s t r a y  discharge taking place 
between the grounded e lec trodes  and the main e lec tro d es .
The v e lo c i ty  u, ca lcu la ted  from the  experiment was found to be 
le s s  than th e  value found by previous methods in d ic a t in g  th a t  the flow 
v e lo c i ty  i s  sm alle r  than the v e lo c ity  exh ib ited  by the luminous f ro n t .
The a p p lica t io n  o f  an ax ia l magnetic f i e ld  did not produce any 
d e tec tab le  e f f e c t  more than the  range o f  the experimental e r ro r .
Values up to  950 Gauss o f  magnetic f i e ld  were app lied . Typical o s c i l ­
loscope t ra c e s  fo r  cases with and without magnetic f i e ld  are shown in  
Fig. 28. The time delay produced, i f  any, may be due to  the fringing 
of the  magnetic f i e ld  l in e s .  No temperature measurements were made in  
t h i s  p a r t  o f  th e  experiment.
The E ffec t o f  a Transverse Magnetic F ield  
on the  Axial E le c t r ic  F ie ld
The a x ia l  e l e c t r i c  f ie ld  was s tud ied  using the d i f f e r e n t ia l  E% 
probes d iscussed  e a r l i e r .  S p e c i f ic a l ly ,  the probes were used to monitor 
the  e f f e c t  a tra n sv e rse  magnetic f ie ld  would have on the ax ia l e l e c t r i c  
f i e ld .
E lec trons  a t  the wave f ro n t ,  due to  t h e i r  large m obility  lead 
the ion popu la tion . The charge separa tion  produced r e s u l t s  in  an ax ia l  
e l e c t r i c  f i e ld .  As the ionized gas flows through a magnetic f ie ld ,  
e lec tro n s  would s t a r t  to  gyrate with a much sm aller  radius around the
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Figure 27, Oscillogram o f  the  probe voltage with the  magnetic 
induction fo r  +B and -B.
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E ffec t  due to ax ia l  B -fie ld  
Top, B = 0 
Bottom, B = 900 Gauss
Figure 28. Oscillogram o f  probe voltage with and without ax ial 
magnetic f ie ld .
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magnetic f i e ld  l in e s  than the ions. The re ta rd a t io n  on e lec trons  in 
the ax ia l  d i re c t io n  would be much la rg e r  than on the ions. This was 
demonstrated by the  delay time produced by the t ra n sv erse  magnetic f i e ld .  
This d if fe re n c e  in  the  axial v e lo c i ty  o f  the charged species  should de­
crease th e  ax ia l  e le c t r ic  f i e ld  in te n s i ty .
For a c r i t i c a l  value of the  B -fie ld  one expects the e l e c t r i c  
f ie ld  fo rce  on th e  e lec trons  to  become equal to  the  magnetic fo rc e ,  i . e .
evB = eEg .
This c r i t i c a l  value o f B -f ie ld  was measured to  be about 1600 
Gauss. I f  the  measured values, v = 8x10^ m/sec, and B = 0.1 web/m^ are 
su b s t i tu te d  in to  the above r e l a t io n ,  then in o rder  fo r  the r e la t io n  to  
hold Eg must be equal to 1.28x10^ v/m, which agrees with the  d i r e c t  
measured value o f  Eg within a f a c to r  3.
A number o f  Eg oscilloscope tra c e s  fo r  d i f f e r e n t  values o f  
magnetic f i e ld  in te n s i ty  are  shown in  Fig. 29. Note how the  c r i t i c a l  
value o f  B i s  approached as the value o f  B is  increased . The delay time, 
brought about by the  f ie ld  i s  a lso  e a s i ly  observable from the f ig u re s .
The E le c t r ic  F ield
The f in a l  parameter o f  i n t e r e s t  is  the e l e c t r i c  f ie ld  operating 
in the p recu rso r .  The re su l ts  p rev iously  obtained by the in tro d u c tio n  
of the a x ia l  f i e ld  probes in s id e  the shock tube were able to  give only 
the value o f the  maximum space charge operating a t  the wave f ro n t .  I t  
would be o f  p a r t i c u la r  in te re s t  to  know how the f i e ld  i s  changing through 
the wave along the  axis of the shock tube. This inform ation was obtained 
as follows.
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Figure 29. Oscillograms of the ax ia l e l e c t r i c  f i e ld  fo r  d i f f e re n t  
values of magnetic f u l l  in te n s i ty .
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One o f  the  d i f f e r e n t i a l  e l e c t r i c  f i e ld  probes discussed e a r l i e r  
was p laced  d i r e c t ly  outside the tube w alls  and in  th re e  d i f f e r e n t  o r i ­
e n ta t io n s  in  o rder  to  monitor E^, E^, and Eg. These probes are  essen­
t i a l l y  d ipole antennas and are capable o f  monitoring the  time varying 
e l e c t r i c  f i e ld .
The probes were used ou tside  o f th e  shock tube and thus in  a 
p o s i t io n  where they could not e f f e c t  the flow o f  the  wave or d is tu rb  
the  e l e c t r i c  f i e ld  configuration  around the  wave. I t  has been mentioned 
th a t  these  probes were coax ia lly  constructed  in such a way as t o  e llum i- 
n a te  in d u c tiv e  loops which might give r i s e  to  spurious s ig n a ls .  The 
probes were c a l ib ra te d  so th a t  the s ig n a ls  as monitored on an o s c i l l o ­
scope, could be t r a n s la te d  in to  volts/cm  in  the plasma. Corrections 
fo r  th e  probes response a t  d i f f e r e n t  frequencies were made.
The probes were positioned  30 cm down the sidearm and th e  s igna ls  
were compared to  the output of a PM tube located  a t  the  same p o s i t io n .
The s ig n a ls  f o r  E^ and Eg were approximately i  the value o f  the  s igna ls  
fo r  Eg. A ty p ic a l  oscillogram o f  Eg, compared to PM output, i s  shown in  
Fig. 30. The f i e ld  appears some 200 nsec before the  luminosity of the 
f ro n t .  In o th e r  words the f i e ld  must be presen t before  the e l e c t r i c a l  
breakdown of the  gas occurs. The maximum amplitude o f  the probe s igna ls  
corresponds to  about 400 v/an. This value w il l  depend, of course, on 
the experimental parameters such as applied  vo ltage , p ressu re ,  e tc .
The time dependence of the  probe output demonstrates two 
th ings- I t  t e l l s  us f i r s t  of a l l  t h a t  the e l e c t r i c  f i e l d  a sso c ia ted  with 
the  wave i s  a maximum in  advance o f  the wave, decreases in the region o f  
the  wave f ro n t ,  and f in a l ly  approaches zero in  the ionized gas behind
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Eg Probe: -  
,5 ysec/cm
PM Tube: —
.5 ysec/cm
>
D if fe re n t ia l  probe measurement of ■ 
axial e l e c t r i c  f i e ld  compared to  
o p tica l  onset 30 cm doim side arm.
Figure 30. O scillogram  of E lec trom agnetic  f i e l d  vs PM oscil logram .
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the wave. Secondly, we see th a t  the precursor is  caused c h ie f ly  by 
the quasi-DC base frequency of the capacito r .  There are apparently 
no h igher frequencies p resen t,  thus ind ica ting  th a t  the  wave has no 
dependence on any RF which may be generated during d r iv e r  discharge.
CHAPTER IV 
CONCLUSIONS AND COMMENTS
This work has been successful in i s o la t in g  the component causes 
o f  p recursive e f fe c ts  in  the e l e c t r i c a l  shock tube. Although some 
l ig h t  s c a t te r in g  accompanied by photoionization as well as an e lec tron  
d iffu s io n  phenomenon i s  p re sen t ,  i t  has become c le a r  th a t  the  main 
component o f  th e  e l e c t r i c a l  shock tube precursor i s  an induction driven 
breakdown wave augmented by heat conduction. The wave i s  not driven by 
the voltage applied  to  the capac ito r ,  as i s  g enera lly  t ru e  of breakdown 
waves, but r a th e r  by the voltage induced by the  in te ra c t io n  o f the 
curren t time r a t e  o f  change with the mutual inductance o f the  system.
This kind o f induction d r iv e r  breakdown wave w i l l  always be 
present to  some degree in  any e le c t r i c a l  shock tube unless proper 
grounding procedures are  followed. I t  is now c le a r  why some observers 
have fa i le d  to  see a f lu id  dynamical precursor operating in t h e i r  ap­
paratus  .
The experimental parameters of the precursor breakdown wave 
have been thoroughly analyzed and agree, a t  l e a s t  q u a l i t a t iv e ly ,  with 
the behavior o f  the common kind o f  breakdown wave in v e s t ig a te d ,  fo r  ex­
ample, by B la is  and H aberstitch . The re su lts  suggest, however, th a t  
n e i th e r  the r e s u l t s  o f  B lais and Haberstitch nor the th e o re t ic a l  ana lysis  
o f  breakdown waves by Shelton i s  d irec tly  ap p licab le  to  the e l e c t r i c a l
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shock tube p recu rso r.  This discrepancy i s  a r e s u l t  o f  the  ad d it io n a l 
t r a n s f e r  o f energy to  the f ro n t  due to h ea t  conduction in  the  shock 
tube p recu rso r.
Several suggestions can be made which j u s t i f y  the  need fo r  
f u r th e r  research . B lais  observed th a t  h is  waves appeared to  propagate 
with constant v e lo c i ty  a f te r  reaching a c e r ta in  d is tan ce  and the h in t  
o f  such behavior was noticed in  t h i s  work. The v e lo c i ty  involved was 
found to  be lower than the l im i t  p red ic ted  by Shelton in h is  ana lys is  
o f  breakdown waves. Increasing  the  d is tance  between the ground 
e le c tro d e  in the  shock tube would allow one to study the behavior of 
the  wave a t  g re a te r  d is tances  from the d r iv e r  and more complete inves­
t ig a t io n s  o f  the  p recu rso r 's  a t ten u a tio n  would then be p o s s ib le .
I t  would also be in te re s t in g  to study the p recu rso r  over a 
l a rg e r  assortment o f discharge c i r c u i t  geometries. One would then  be 
able to  p re d ic t  the magnitude of precursive  e f fe c ts  between the  extremes 
o f  no induced voltage and an induced voltage approaching the  applied  
c a p ac i to r  vo ltage . A g re a te r  range of p ressu re  would be d e s ira b le  too.
F ina lly  i t  would be in s t ru c t iv e  to  look a t p recu rso rs  driven  
by s e l f  inductance in s tead  of mutual inductance. This technique o f  
generating  driving voltage should be ju s t  as e f f e c t iv e  and i s  probably 
the  primary cause o f p recursors  in  shock tubes employing a T-tube geo­
metry.
In s h o r t ,  the na ture  o f  the  e le c t r i c a l  shock tube p recu rso r  i s  
now c le a r  and furthermore i t  becomes apparent th a t  any one who uses the 
e l e c t r i c a l  shock tube as a research  tool now has th e  c a p a b i l i ty  to  
c re a te  or e lim inate  precursors  o f  t h i s  type at w i l l .
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APPENDIX
THE COMPUTER ANALYSIS FOR ELECTRON 
TEMPERATURE MEASUREMENTS
I t  has been mentioned e a r l i e r  th a t  the  e lec tron  temperature 
ana lys is  involved the  expression
Experimentally one proceeds as fo llow s. The oscillograms fo r  
the  two sp e c t ra l  l in e s  were enlarged w ith  an opaque p ro je c to r  onto 
graph paper and the values fo r  I jk  and Img, were read o f f  a t  ten nano­
second in te rv a ls  and converted in to  inches. Sample graphs for the He 
5048 l in e  and He 4713 l in e  are shown in  F igs. 31 and 32.
These values of in te n s i ty  were fed in to  a computer program which 
computed the  l e f t  hand r a t io  o f  the  expression  (1) above. The calcu­
la te d  r a t io  o f  in te n s i ty  as a function  o f  time was then compared to  the 
tab u la ted  r e s u l t s  o f  Latimer, M ills  and Day fo r  the r ig h t  hand r a t io  of 
expression (1). The e lec tron  temperature as a function of time was then 
known.
The analysis  of the time varying case was done by Dr. R. G. 
Fowler, and Mr. Robert Jayroe developed the  computer program which c a l ­
cu la tes  th e  in te n s i ty  r a t io s .  The program was o r ig in a l ly  intended fo r  
use on the  GE 430 time share computer system and was l a t e r  modified by 
Mr. C. T. Bush and the author fo r  use on the IBM 1130 computer a t  the
84
Please note: This i s  a duplicate page 
witb s lig h t  variation s. Filmed as received. 
UNIVERSITY MICROFILMS
APPENDIX
THE COMPUTER ANALYSIS FOR ELECTRON 
TEMPERATURE MEASUREMENTS
I t  has been mentioned e a r l i e r  th a t  the e lec tro n  temperature
ana lys is  involved the  expression .
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expression (1). The e le c tro n  temperature as a function  of time was then 
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use on the GE 430 time share computer system and was l a t e r  modified by 
Mr. C. T. Bush and the  author fo r  use on the IBM 1130 computer a t  the
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PM
OUTPUT
[VOLTS]
5048% He
JA i  Meter: E x it  - .56mm
Entrance - . 65mmScale: 1 cm = 60 nsec
P ressu re  - 0.800 Tcm = 4 v o l t s
80 cm Down Sidearm
4713% He
TIME [NSEC]
00
cn
Figure 31. Graph o f  5048 He
PM
OUTPUT
[VOLTS]
4713% He
5048% He
Scale : 1cm = 60 nsec 
1cm = 4 v o l ts JA i  Meter: Exit .56mm 
Entrance : . 65mm 
P ressu re :  0.800 Torr80 cm Down Sidearm
TIME [nsec]
00Ov
Figure 32. Graph o f  4713 He.
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U niversity  o f  Oklahoma. The program l i s t i n g  and an example output 
are p resen ted  on the following pages.
8 8
READY 
ZDIT PAGE
KTY2
#01
PRI. 0 8 / 1 4 / 7 0
100$NDM
110
120
130
140
150
160
170
180
190
200
210
220 10
230
240
250
250
270
280 20
290
300
310
320
330
340 30
350
360
370 40
380 50
390
400
410
420
430 57
440 58
450
460
470 54
480
490 55
500 60
510
520 70
DIMENSION D E L ( 4 0 , 4 0 ) , Y ( 4 0 ) , Z ( 4 0 ) , U ( 4 0 ) , V ( 4 0 )  
PRINT,"ENTIRE NUMBER OP.DATA POINTS"
INPUT,NDAT
PRINT,"ENTER FINITE DIFFERENCE ORDER"
INPUT,NTH
PRINT,"ENTER ABSCISSA INCREMENT"
INPUT, Dv;
PRINT,"ENTER ORDINATE SCALE FACTOR"
INPUT.SOL
MAX=NDAT-1
K0UNT=0
PRINT,"ENTER ORDINATE VALUES"
I N P U T , ( Y ) , 1 = 1 , NDAT)
PRINT,"ENTER LIFETIME"
INPUT,A
i v v  £ i u  J. =  J. ,  j 'l iJ .- .  i '
Z ( 1 ) = Y ( 1 )
CONTINUE 
DO 50 1 =1 , MAX 
K=l+1
DO 30 J=K,NDAT 
KX=J-1
D E L ( I , J ) = Y ( J ) - Y ( K X )
CONTINUE
DO 40 J=K,NDAT
Y ( J ) = D E L ( I , J )
CONTINUE 
CONTINUE 
DO 70 J=1,MAX 
SUM=0. 0 
K-MAX-JTl
I F ( K - N T H ) 5 S , 5 3 , 5 7
K=NTH
DO 60 1 =1 , K 
L=I+J
I F ( l - ^ %  ( 1 / 2 )  3 5 4 ,  5 5 , 5 4
SUM=SUjM-1-DEL( I , L ) / I  
GO TO 60
SUM=3UM-DEL(I,L)/I
CONTINUE
Y(J)=SUM/DW
CONTINUE
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530 IF (K0UHT)14q , . 8 0 ,1 4 0
540 80 DO 90  1 = 1 ,  MAX
550 u c i ) = y ( i ) “ s c L
560 v C i ) = ( z c i ) / A + y ( . i ) » s c L
570 90 CONTINUE
580 T = 0 .0
590 PRINT"LIST P l ' ,G l= A l* F l+ f l '? -N 0 = 0 ;Y E S = r '
600 INPUT,ILST
610 I F ( I L S T ) 1 0 0 , 1 2 0 , 1 0 0
620 100 DO 1 1 0  1 = 1 , FAX
630 PRINT,U C D  , V ( I ) , T
640 T=T+DW
650 110 CONTINUE
66o 120 PRINT,"CALCULATE F 8 ' ,G2=A2%F2+D2'?-NO=0;YES
670 INPUT,ICAL
KTY2 FR I.  0 8 / 1 4 / 7 0
#02
-
680 I F ( I C A L ) 1 3 0 , 2 0 0 , 1 3 0
690 130 K0UNT=1
700 GO TO 10
710 14 0 nn -i q n 11 ; i i; A y
720 Z ( I ) = ( Z ( I ) / A + Y ( I ) * 8 C L
730 150 CONTINUE
740 T-O.O
750 PRINT,"LIST P2' ,G2=A2%P2'?-NO=0'YES=1"
760 INPUT,ILST
770 I F ( I L S T ) 1 6 0 , 1 8 0 ,1 6 0
780 160 DO 170  1 = 1 , MAX
790 Y ( I ) = Y ( I ) * S C L
800 P R I N T , Y ( I ) , Z ( I ) , T
810 T=T+DW
820 170 CONTINUE
830 T = 0 .0
840 160 PRINT,"01
850 DO 1 9 0  1 = 1 , TAX
860 U ( I ) = V ( I ) / Z ( I )
870 P R I N T , y ( I ) , Z ( I ) , U ( I ) , T
880 T=T+DU
890 190 CONTINUE
900 200 CONTINUE
910 END
cU+zUUüGCGBCI'g aO- 
30+2ü0CüC0ÙVÔ' S  CO- 
BÜ+ZOCCGOOSIU'5 2 0 -
oC + 2CCeC0CVVS/*S EO-
Ô0+20CCUÜC910*2  2 0 -
2 0  + :-;0000C0S9E *2 2 0 -
cO+2CCOGGOC22*2 2 0 -  
2 0 + 2 0 0 0 C C 0 2 A 0 ' 5  2 0 -
2 0 + 3 0 0 0 0 0 0 9 2 6 • l 2 0 -  
20  + 3 0 0 0 0 0 0 9 /.6* l 2 0 -  
2 0 + 3 0 CG OC 0 3 2 9 • l 2 0 -  
2 0 + 3Ü U 00 G0 0 &9 ' I 2 0 -  
2 0 + 3 0 0 G 0 0 0 2 C C • I 2 0 -  
2 0 + 3 0 0 0 0 0 0 9 3 1 • I 2 0 -  
2 0 + 3 C C 0 0 0 C 9 0 0 • l 2 0 -  
!0+3C0OCCO03S‘ S 2 0 -
[ 0 + 3 C 0 C 0 C 0 0 C 9 • L 2 0 -  
1 0+30C0CCCC26‘ 5 2 0 -
1 0 + 3 0 0 0 0 0 0 0 9 9 * 9  1 0 -
1 0 + 3 0 0 0 0 0 0 0 9 6 * 2  2 0 -
1 0 + 3 0 0 0 0 0 0 0 3 9 * 1  2 0 -
0 0 + 3 0 0 0 0 0 0 0 0 0 * 0  2 0 -
3 S6 3 U2  1 1 0 1 * 2  
37 3/ .VZ.9999*9  
36790792.00*2 
3 7 C C 0 9 3 II S *6 
3 2 C C 1 S I 9 6 9 *2 
39 3 I î  Q L L Z Z ' \  
ILÇ. 19 6 9 0 9 6 * 2  
3 3 C C 3 1 2 9 2 S * ' 
3 9 3 1 9 1 6  ICC*I  
3 9 3 9 0 1 2 6 2 9 * 0  
3 9 / 0 6 3 6 2 6 I *2 
3 3 1 2 9 6 2 6 6 9 * 2  
32 6 0 1 6 6 5 9  6*2  
3S 9 0 9 9 6 3 3 9 * 9  
- 0 9 9 6 3 3 9 * 9  
3 3 2 f 600  2 5 0 * 0  
3 6 0 1 0 6  1 0 9 9 * 6  
3 2 6 C 16659  6*2  
322  6 09 0 1 6 0 * 1  
3 0 0 l 6 9 9 0 5 9 * 9  
3 9 1 5 2 9 0 0 6 2 * 6  
3 0 0 5  5 0 0 9  66*9
0 0  + 3 0 0 0 0 0 ( 1 0 0 0 * 0  
2 0 - 3 0 6 6 2 6 6 2 2 6 * l • 
0 0 + 3 0 0 0 0 0 0 0 0 0 * 0  
2 0 - 3 0 6 6 2 6 6 2 2 6 * l • 
0 0 + 3 0 0 0 0 0 0 0 0 0 * 0  
2 0 - 3 0  6 6 ? 6 6 3 2 6 * l • 
0 0 + 3 0 0 0 0 0 0 0 0 0 * 0  
2 0 - 3 0 6 6 2  . 6 2 2 6 *  1- 
2 0 - 3 6 6 2 6 6 2 6 6 2 * 2 -  
0 0 + 3 0 0 0 0 0 0 0 0 0 * 0
2 0 - 3 C 6 6 2 6 6 3 2 6 * l ■ 
2 0 - 3 C 6 6 2 6 6 3 3 6 * I - 
0 0 + 3 0 0 0 0 0 0 0 0 0 * 0  
00  + 50ÜCGCG0Ü0 *0 
2 0 - 3 0 6 6 2 6 6 2 2 6 * I- 
2 0 - 3 9 9 6 5 9 6 5 9 9  *C 
2 0 - 3 C  6 6 2 6 6 2 2 6 * l - 
2 0 - 3 9  î 2 9 1 2 9 9 9  *6 
2 0 - 3 C  6 6 2 6 6 2 2 6  * l 
2 0 - 3 6 1 6 5 1 6 5 9 l *5 
2 0 - 3 9 9 6 5 9 6 5 9 9  *C
l 6
l =S 3 Af O = ON-6 . 1 3 + I3=sl V= 15 ' . 1 3  I S  I I
68  c
3 K I 1 3 3 I 1  %3iN3
C I ' ' E l ' ' 9 l * ' 6 1  * ' 6 1 * ' 6 1 * ' 2 3 * ' 2 3 * ' 2 2 * ' 5 3 * ' 5 3 * ' 8 2 * ' 8 2 * ' 1 5 ' ' i c *  i  
'9C* 'PC * '8C * '  19 * ' 9 9  * ' 6 9  * ' 6 9  * ' 6 9  * ' 5  * ' 9 9  * ' 6 9 ’ ^9E * ' lC * ' 2 2  " ' 9 1 *  L
E3111VA 31VXICMJ %3iN3
5 * 8  c
2G10V3 31VOS 31VNICi2’e Ü31N3
8 * 9  1 L
lN'3'/.'32'0i\’I VSSIOSSV 2I51N3
I 6
PZOEG 30X32:33310 311 M 3  «31 . \ 3
OC 6
Sl XI Od VIVO 3G %2EWnN ^31X3
HNXna
Aovsy
2A1M:G10 6W3K/01G 
6KKXKH 
G2’Gf-‘.SSVd 
OSES %3sn 
I C U d O d  9 C: Cl  - I V  NO 
30IAM3S SNIÜVH/idOSAd
-  1.7 2 2 9 7 2 9 7 3 E -0 2
o .ooo:)oooooi-:+oo
-1 .7 2 2 9 7 2 9 7 3 E -0 2  
O.OOOOOOOOOE+OO 
O.OOvOOOOOOOE + 00 
- 1 .7 2 2 9 7 2 9 7 3 E -0 2  
O.OOOOOOOOOE+00 
O.OOOOOOOOOE+00 
- 1 .7 2 2 9 7 2 9 7 3 E -0 2
-  1.7 2 2 9 7 2 9 7 3 E -0 2  
O.OOOOOOOOOE+00
CALCULATE F 2 ' #G2 = A2>f= 
? 1
9 .51  l3 4 3 3 0 /; i : -0 3  
2 .3 3 7 6 4 3 4 4 9 E -0 2  
6 .64667  47 64E -03  
2 .  101123595E-02 
2 . 1 0 1 123595E-G2 
3 .7 3 15Û 6225E -03  
1 .814A 06742E-02  
1 .S146067 42E -02  
9 . 163376662E-04  
“ I .948S3C 854E -03  
1 .2 4 1 573033E -02  
F2+F2* ?-N3 = 0;YES;
2 . 644000030E+02 
2 .3 1 2 0 0 0 0 0 0 E + 0 2  
2. 940000000?:•t-C2 
3- lÛO’OOOüOOE+02 
3 .2 5 6 0 0 0 0 0 0 E + 0 2  
3 .4 0 4 0 0 0 0 0 0 E + 0 2  
3 .5 5 2 0 0 0 0 0 0 E + 0 2  
3 .7 0 0 0 0 0 0 0 0 E + 0 2  
3 .84S0 0 0 0 0 0 E + 0 2  
3 .9960G 0000E +02 
4 . 144000000E+02
ENTER ORDINATE VALUES
? . 19> . 2 5 / . 3 7  / .4 4 /  .5  / « 5 3 / .  56/ . 5 6 /  . 5  6/ . 5 6 / . 5 6 /  . 5 6 /  .5 3 /  . 5 3 /  . 5 /  
? « 5 / * 5 / * 5 / * 5 / . 5 / . 5 / .  5 / . 5 / . 5 / . 4 7 / . 4 7 /  • 4 4 / . 4 / . 3 8 / . 3 8 / « 3 /
ENTER LIFETIME 
? 62
LIST F 2 '/G 2 = A 2 tF 2 + F 2 '? -N 3 = 0 ;Y E S = l 
? 1
3 . 445945946E 
Ô.S9 1891692E 
4 .0 2 0 2 7  027OE 
3 ,4 4 5 9 4  59 4 6E 
1.7 2 2 9 7 2 9 7 3 E  
1 .7 2 2 9 7  2 9 7 3 E 
O.OOOOOOOOOE 
O.OCOOOOGOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE
-  1.72E 972973E  
O.OOOOOOOOOE
- 1.72 2 9 7 2 9 7 3 E  
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE 
O.OOOOOOOOOE
- 1 .7 2 2 9 7 2 9 7  3E 
O.OOOOOOOOOE
- 1 .7 2 2 9 7 2 9 7 3E
- 2 .2 9 7 2 9 7 2 9 7 E
- 1 . 1 4864S64RE
0 . '0000  0000 OE
G1
4 .9 7 4 0 3 5 8 3 3 :
- 0 2 6
- 0 2 1
- 0 2 9
- 0 2 9
-0 2 8
-0 2 8
+ 00 7
"'vu 1
+ 00 7
+00 7
+00 7
- 0 2 5
+00 7
- 0 2 5
+00 6
+ 00 6
+ 00 6
+00 6
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